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Introduction 
  

Previous epidemiological and dietary studies have shown an association between high 
dietary intakes of vegetables and decreased prostate cancer risk (1). Among vegetables with 
anticarcinogenic properties, the cruciferous vegetable family appears to be the most effective at 
reducing the risk of cancers (2). Indole-3-carbinol (I3C), a common phytochemical in the human 
diet, is present in almost all members of the cruciferous vegetable family, and it is readily 
converted to its dimeric product, 3,3'-diinolylmethane (DIM). It has been found that I3C and 
DIM inhibit the carcinogenesis in animal experiments and the growth of various cancer cells in 
culture (3, 4). The data from our laboratory and others have shown that I3C induces 
apoptotic cell death in cancer cells by up-regulation of Bax and p21WAF1 and down-
regulation of Bcl-2 and BclXL (5, 6). We have found that I3C and DIM regulate the 
expression of genes which are critically involved in the control of cell growth, cell cycle, 
apoptosis, signal transduction, Phase I and II enzymes, and oncogenesis (7). We have also 
observed a drastic reduction in the activated form of the Akt (6, 8), and DNA-binding 
activity of NF-κB in prostate cancer cells treated with I3C or DIM (5, 8), suggesting the 
effects of I3C and DIM on Akt and NF-κB pathways which are two of the important 
pathways in cancer cells. Because AR interaction with Akt and NF-κB pathways plays 
important roles in the development and progression of prostate cancer, we hypothesize that 
there is a crosstalk between Akt, NF-κB, and AR signaling pathways and that I3C and 
DIM may inhibit the activity of Akt and NF-κB and, in turn, down-regulate AR and 
PSA, leading to the induction of apoptotic processes. To test our hypotheses we 
investigated how Akt, NF-κB, and AR pathways may cross-talk and how I3C and DIM 
inhibit Akt, NF-κB, and AR activation leading to apoptotic cell death in androgen 
sensitive and insensitive prostate cancer cells. We have also investigated the effects of 
I3C and DIM on other NF-κB upstream signaling molecules such as MEKK, MEK, NIK 
and IKK, which are known to play important roles in the activation of NF-κB. The 
results of this study will provide us with molecular mechanisms of action of I3C and 
DIM in prostate cancer cells. It will also provide us with molecular markers that may be 
useful for monitoring the efficacy of I3C and DIM during in vivo animal or human 
studies. More importantly, these results should identify novel pathways, which could be 
targeted by I3C and DIM for the development of combinational therapeutic approaches 
for the prevention and/or treatment of androgen sensitive and hormone-refractory 
prostate cancers.  
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Body of Report 
 

The original statement of work in the proposal is listed below: 
 

Task-1: We will determine whether treatment of prostate epithelial cells with 
I3C/DIM elicit responses leading to the modulation of NF-κB and investigate the molecular 
mechanism of NF-κB inactivation as proposed under specific aim-1. This investigation will 
be conducted using both I3C as well as DIM in androgen sensitive (LNCaP) and androgen 
independent (PC-3) prostate cancer cells and the data will be compared to those obtained 
from non-tumorigenic prostate epithelial cells (CRL2221). Task 1 will take 8 months to 
complete. Time Period 0-8 months. 

 
Task-2: We will determine whether constitutive activation of Akt (by gene 

transfection studies) increases NF-κB activation in prostate epithelial cells as indicated under 
task-1 and thereby inhibits apoptotic processes induced by I3C/DIM. We will conduct 
transient transfection experiments followed by establishment of stably transfected cells in the 
future in order to determine the inhibition of I3C/DIM induced cell death in those cells that 
over-express Akt and NF-κB. Task 2 will take 6-12 months to complete. Time Period 8-20 
months. 

 
Task-3: Once we complete task-1 and 2, we will start working on task 3, which will 

have a significant number of transfection experiments. Task 3 will determine whether 
treatment of prostate epithelial cells with I3C/DIM will elicit responses that may determine 
causal association between the inactivation of Akt and NF-κB with the induction of apoptosis. 
Furthermore, we will investigate which signaling pathways are modified by I3C/DIM that 
lead to NF-κB inactivation. We will investigate different kinases that are involved in the NF-
κB pathway, particularly the status of IKK, MAP kinase-MEK, MEKK1 and NIK. In order to 
establish cause and effect relationships of these genes with the ultimate effect of I3C/DIM, 
several transfection experiments are planned which will be very time consuming and labor 
intensive. Hence, this task will take considerably more time. We expect to complete this task 
within 12 months. Time Period 20-32 months. 

 
Task-4: Task-4 will be focused on completing all data analysis, manuscript writing 

and for the development of novel ideas that may be submitted to Federal Agencies for further 
continued funding in a larger scale encompassing animal and human investigations to test (a) 
whether I3C/DIM could be an effective agent for the prevention and/or for the treatment of 
tumors in animal models, (b) whether I3C/DIM pre-exposure of prostate cancer cells will 
sensitize these cells to commonly available chemotherapeutic agents, and finally (c) whether 
I3C/DIM could be an effective agent for the prevention and/or treatment of human prostate 
cancer. Task 4 will be completed within the time period of 32-36 months. 

 
In the last annual report, we provided evidence in support of the research 

accomplishments that we made last year and indicated that (a) the task-1 and task-2 have 
been fully completed; and (b) we have completed certain parts of task-3 and indicated that 
the remaining experiments for task-3 and task-4 will be completed next year.  
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We are now reporting the research accomplishments associated with task-3 and task-4 as 

outlined in the Statement of Work. 
 
 

Task-3. Our task 3 was to determine whether treatment of prostate cancer cells with 
I3C and DIM will elicit responses that may determine causal association between the 
inactivation of Akt and NF-κB with the induction of apoptosis. The task 3 was also to 
investigate what signaling pathways are modified by I3C/DIM that lead to Akt and NF-κB 
inactivation and apoptosis. Because AR interacts with Akt and NF-κB pathways and plays 
important roles in the development and progression of prostate cancer, we have further 
investigated the effects of B-DIM, a specially formulated DIM with greater bioavailability, on 
AR, Akt, and NF-κB in hormone sensitive LNCaP cells (AR positive) and hormone insensitive 
C4-2B cells, which are also AR positive and represent a majority of hormone-refractory prostate 
cancers in men. These investigations are important for further elucidating the mechanistic role of 
NF-κB signaling pathway during I3C/DIM induced cell death. Therefore, we have conducted 
mechanistic experiments which were not included in task-3 but become necessary for 
continuation of our investigation in order to attract further funding from the NIH. 
 
 
A. B-DIM significantly inhibited the growth of LNCaP and C4-2B cells. 
 Prior to our experiment, we tested the effect of androgen (DHT) on the growth of LNCaP 
and C4-2B cell lines. We found that LNCaP cells, which are known to be sensitive to androgen, 
showed growth stimulation of 25% and 35% at 48 and 72 hours, respectively. In contrast, C4-2B, 
which are insensitive to androgen, showed minimal or no growth stimulation. Importantly, we 
found that the treatment of LNCaP and C4-2B prostate cancer cells with B-DIM resulted in a 
dose- and time-dependent inhibition of cell proliferation (Figures 1 and 2) with maximal 
inhibition seen at 50 µM, demonstrating a potent growth inhibitory effect of B-DIM on both 
LNCaP and C4-2B cells. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

Figure 1: MTT assay showing the significant 
inhibition of cell growth by B-DIM in LNCaP cells.
Figure 1: MTT assay showing the significant 
inhibition of cell growth by B-DIM in LNCaP cells.

Figure 2: MTT assay showing the significant 
inhibition of cell growth by B-DIM in C4-2B cells.
Figure 2: MTT assay showing the significant 
inhibition of cell growth by B-DIM in C4-2B cells.
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B. B-DIM significantly induced apoptosis in LNCaP and C4-2B cells. 
 By apoptosis ELISA assay, we observed a significant induction of apoptosis in both 
LNCaP and C4-2B prostate cancer cells (Figures 3 and 4). This induction of apoptosis was time-
dependent and directly correlated with the inhibition of cell growth. These data suggest that the 
growth inhibitory activity of B-DIM was partly attributed to an increase in apoptotic cell death. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: ELISA showing the significant 
induction of cell apoptosis by B-DIM in LNCaP
cells.

Figure 3: ELISA showing the significant 
induction of cell apoptosis by B-DIM in LNCaP
cells.

Figure 4: ELISA showing the significant 
induction of cell apoptosis by B-DIM in C4-2B 
cells.

Figure 4: ELISA showing the significant 
induction of cell apoptosis by B-DIM in C4-2B 
cells.

C. B-DIM significantly inhibited AR and PSA mRNA expression in LNCaP and C4-2B 
cells. 
 Because AR and PSA play important roles in the development and progression of 
prostate cancer, we detected the effects of B-DIM on AR and PSA mRNA expressions by RT-
PCR. We found that B-DIM significantly inhibited mRNA expression levels of AR and PSA in 
both LNCaP and C4-2B prostate cancer cells (Figures 5-8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: RT-PCR analysis showing the 
significant inhibition of AR mRNA expression 
by B-DIM in LNCaP cells.

Figure 5: RT-PCR analysis showing the 
significant inhibition of AR mRNA expression 
by B-DIM in LNCaP cells.

Figure 6: RT-PCR analysis showing the 
significant inhibition of PSA mRNA expression 
by B-DIM in LNCaP cells.

Figure 6: RT-PCR analysis showing the 
significant inhibition of PSA mRNA expression 
by B-DIM in LNCaP cells.
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Figure 7: RT-PCR analysis showing the 
significant inhibition of AR mRNA expression 
by B-DIM in C4-2B cells.

Figure 7: RT-PCR analysis showing the 
significant inhibition of AR mRNA expression 
by B-DIM in C4-2B cells.

Figure 8: RT-PCR analysis showing the 
significant inhibition of PSA mRNA expression 
by B-DIM in C4-2B cells.

Figure 8: RT-PCR analysis showing the 
significant inhibition of PSA mRNA expression 
by B-DIM in C4-2B cells.

By PSA promoter-luciferase vector transfection assay, we also found that B-DIM 
significantly inhibited PSA promoter activity in LNCaP and C4-2B cells (Figure 9), and these 
results are consistent with the inhibition of PSA mRNA expression as observed by RT-PCR analysis. 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: PSA-Luc transfection and luciferase assay showing the significant inhibition of 
PSA promoter activity by B-DIM in LNCaP and C4-2B cells (T: Transfection).
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Figure 9: PSA-Luc transfection and luciferase assay showing the significant inhibition of 
PSA promoter activity by B-DIM in LNCaP and C4-2B cells (T: Transfection).
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D. B-DIM significantly inhibited AR and PSA protein expression in LNCaP and C4-2B 
cells. 
 We also conducted Western Blot analysis to test if the down-regulation of AR and PSA 
mRNA expression by B-DIM leads to the decrease in the protein expression levels of AR and 
PSA. We found that B-DIM significantly inhibited the expression levels of AR and PSA proteins 
in both LNCaP and C4-2B prostate cancer cells in a time-dependent as well as dose-dependent 
manners (Figures 10 and 11).  
 
 
 
 
 
 
 
 
 

Figure 10: Western Blot analysis showing the significant inhibition of AR and PSA protein expression by 
B-DIM in LNCaP cells in time- and dose-dependent manners.
Figure 10: Western Blot analysis showing the significant inhibition of AR and PSA protein expression by 
B-DIM in LNCaP cells in time- and dose-dependent manners.
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Figure 11: Western Blot analysis showing the significant inhibition of AR and PSA protein expression by B-DIM 
in C4-2B cells in time- and dose-dependent manners.
Figure 11: Western Blot analysis showing the significant inhibition of AR and PSA protein expression by B-DIM 
in C4-2B cells in time- and dose-dependent manners.

 
E. B-DIM significantly inhibited AR translocation to the nucleus in LNCaP and C4-2B cells. 
 It has been well known that AR translocates into the nucleus and binds to its target genes, 
regulating the expression of target genes, i.e. PSA. To investigate if B-DIM regulates the 
expression of PSA through inhibition of AR nuclear translocation, we investigated AR location 
before and after B-DIM treatment by immunostaining and confocal imaging. We found that B-
DIM inhibited AR nuclear translocation in LNCaP and C4-2B cells (Figure 12). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12: Confocal imaging showing that B-DIM inhibited AR nuclear translocation in LNCaP cells 
(Upper panel: Control; Lower panel: B-DIM treatment).
Figure 12: Confocal imaging showing that B-DIM inhibited AR nuclear translocation in LNCaP cells 
(Upper panel: Control; Lower panel: B-DIM treatment).
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F. Down-regulation of Akt by B-DIM led to the inhibition of NF-κB, AR, and PSA. 
By Western Blot analysis, we found that B-DIM 

down-regulated the protein levels of p-Akt, nuclear NF-
κB, AR, and PSA in both LNCaP and C4-2B cells 
(Figure 13). To further investigate the relationship 
between Akt, NF-κB, AR, and PSA, and the effects of B-
DIM on these molecules, we co-transfected Akt cDNA 
and NF-κB-Luc into LNCaP and C4-2B cells. We found 
that p-Akt, nuclear NF-κB, AR, and PSA were up-
regulated after wild type Akt and Myr Akt transfections 
in LNCaP and C4-2B cells. However, the up-regulations 
of p-Akt, nuclear NF-κB, AR, and PSA by Akt 
transfection were significantly abrogated in both LNCaP 
and C4-2B cells treated with B-DIM (Figure 13). 

Figure 13.  Western Blot analysis showed
The alteration of Akt, AR, NF-κB, and PSA 
expression  after Akt transfection and B-DIM 
treatment.

Figure 13.  Western Blot analysis showed
The alteration of Akt, AR, NF-κB, and PSA 
expression  after Akt transfection and B-DIM 
treatment.

 By transfection and luciferase assay, we found 
that luciferase activity was significantly increased after 
co-transfection with NF-κB-Luc and wild type Akt or 
Myr Akt in both LNCaP and C4-2B cells (Figure 14), 
suggesting the activation of NF-κB by Akt transfection. 
Moreover, B-DIM treatment significantly abrogated the 
up-regulation of luciferase activity caused by Akt 
transfection. Furthermore, we conducted EMSA to test 
NF-κB DNA binding activity in Akt transfected cells. 
The results showed that NF-κB DNA binding activity 
was significantly  increased  by  wild  type  Akt  and  Myr 
Akt transfection and decreased by B-DIM treatment (Figure 15), which is consistent with the 
data from luciferase assay. Moreover, we also found that B-DIM at 10 or 25 μM significantly 
inhibited NF-κB DNA binding activity in the presence and absence of DHT in both LNCaP 
(Figure 16A and B) and C4-2B cells (Figure 16C and D). 
 

Figure 15. Akt transfection and EMSA 
showed that B-DIM inhibited NF-κB DNA 
binding activity.

Figure 15. Akt transfection and EMSA 
showed that B-DIM inhibited NF-κB DNA 
binding activity.

Figure 14. Akt transfection and luciferase assay 
showed that B-DIM inhibited NF-κB DNA binding 
activity.

Figure 14. Akt transfection and luciferase assay 
showed that B-DIM inhibited NF-κB DNA binding 
activity.
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Combined with the alteration of 
AR observed in Akt transfection study, 
our results suggest that there could be a 
crosstalk between p-Akt, NF-κB, and 
AR, and that inhibition of Akt activation 
by B-DIM could lead to the down-
regulation of NF-κB, AR, and PSA. 
These results clearly suggest that B-DIM   
could inhibit cell growth and induce 
apoptosis partly though the down-
regulation of AR, Akt, and NF-κB. Thus, 
we believe that B-DIM could be a 
potential therapeutic agent against both 
androgen-dependent and androgen-
independent prostate cancers. These 
results  will  be  submitted to “Journal of  

Figure 16. EMSA showed that B-DIM inhibited basic and stimulated 
activity of NF-κB DNA binding activity.
Figure 16. EMSA showed that B-DIM inhibited basic and stimulated 
activity of NF-κB DNA binding activity.

Biological Chemistry” for publication, and parts of the results have been presented in 96th 
AACR Annual Meeting (9).  
 
G. DIM regulated the molecules in the Akt pathway.  

It has been reported that activated Akt regulates transcription through modulation of the 
activity of FOXO3a by phosphorylating it at three conserved serine/threonine resides. This leads 
to the prevention of FOXO3a into the nucleus, inhibiting expression of apoptosis-related genes. 
Activated Akt has also been found to phosphorylate and transactivate AR. Recent study showed 
that FOXO3a could also induce the expression of AR to protect cells from apoptosis when 
PI3K/Akt signal pathway was blocked by LY294002. These results suggest the importance of 
FOXO3a in Akt pathway. Therefore, we further investigated the effects of I3C/DIM on FOXO3a. 
The following are our findings: 
 
1. DIM significantly inhibited Akt phosphorylation in hormone sensitive and insensitive 
prostate cancer cells regardless of AR status. 
 By Western Blot analysis, we found that DIM significantly inhibited the phosphorylation 
of Akt at Ser473 in hormone insensitive PC-3 (AR negative), hormone sensitive LNCaP (AR 
positive), and hormone insensitive C4-2B (AR positive) cells (Figure 17). 
 
 
 
 
 
 
 

 
 

 
 

Figure 17. Western Blot analysis showed that the level of phospho-Akt was significantly down-
regulated by DIM treatment in PC-3, LNCaP, and C4-2B cells.
Figure 17. Western Blot analysis showed that the level of phospho-Akt was significantly down-
regulated by DIM treatment in PC-3, LNCaP, and C4-2B cells.

 11



 
2. DIM significantly inhibited FOXO3a phosphorylation. 
 By Western Blot analysis, we found that DIM did not alter the level of total FOXO3a. 
However, the level of pFOXO3a (Ser253) was significantly down-regulated by DIM treatment 
for 1 to 2 days in LNCaP and C4-2B cells (Figure 18). 
 

Figure 18. Western Blot analysis 
showed that the level of  p-FOXO3a  
was  significantly down-regulated by 
DIM treatment. No alternation of total 
FOXO3a was observed.

Figure 18. Western Blot analysis 
showed that the level of  p-FOXO3a  
was  significantly down-regulated by 
DIM treatment. No alternation of total 
FOXO3a was observed.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. DIM inhibited FOXO3a binding to AR promoter DNA sequence.  

By EMSA using AR promoter specific DNA oligos, we found that DIM significantly 
inhibited FOXO3a binding to the DNA oligos which include FOXO3a binding site in AR 
promoter (Figure 19).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 19. EMSA showed that the DNA binding activity of FOXO3a was down-regulated by 
DIM treatment in LNCaP and C4-2B cells.
Figure 19. EMSA showed that the DNA binding activity of FOXO3a was down-regulated by 
DIM treatment in LNCaP and C4-2B cells.

 
To further confirm this result, we conducted ChIP assay to test binding activity of 

FOXO3a to AR promoter in LNCaP and C4-2B cells exposed to DIM and B-DIM. We found 
that DIM and B-DIM inhibited FOXO3a binding to AR promoter (Figure 20), consistent with 
our EMSA data. 
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 These results suggest that DIM could 
inhibit Akt activation and subsequent 
phosphorylation of FOXO3a, resulting in the 
up-regulation of apoptosis-related gene 
expression and the induction of apoptosis in 
prostate cancer cells. DIM could also inhibit 
FOXO3a binding to AR promoter, leading 
to the down-regulation of AR expression. 
Therefore, DIM could be a potent inhibitor 
for both Akt and AR pathways.  
 

Our published review articles 
(Cancer Research: Appendices 2; Book 
chapter: Appendices 4) are also attached to 
provide additional results that we have 
obtained from investigating effects of 
I3C/DIM on Akt and NF-κB pathways. 

Figure 20. ChIP assay showed that DIM and B-DIM 
inhibited FOXO3a binding to AR promoter in C4-2B 
cells.

Figure 20. ChIP assay showed that DIM and B-DIM 
inhibited FOXO3a binding to AR promoter in C4-2B 
cells.

 
H. DIM enhanced anti-tumor activity of Taxotere. 

The activation of Akt and NF-κB is believed to be responsible for resistance of cancer 
cells to chemotherapeutic agents, which is the major cause for treatment failure in cancer 
chemotherapy. Inhibition of NF-κB or Akt may potentiate the anticancer effect of 
chemotherapeutic agents. We have found that DIM inhibited the activation of Akt and NF-κB 
and induced apoptosis, suggesting that DIM may sensitize cancer cells to apoptotic cell death 
induced by chemotherapeutic agents. By cell growth inhibition assay, we found that combination 
treatment with DIM and Taxotere significantly inhibited the growth of LNCaP, C4-2B, and PC-3 
prostate cancer cells compared to monotreatment (Figure 21). These results suggest that DIM 
could potentiate the anti-cancer effect of Taxotere partly due to inactivation of Akt and NF-κB. 
 

Figure 21. Growth inhibition assay showed that combination treatment with DIM and 
Taxotere for 72h significantly inhibited the growth of LNCaP, C4-2B, and PC-3 cells compared 
to monotreatment.

Figure 21. Growth inhibition assay showed that combination treatment with DIM and 
Taxotere for 72h significantly inhibited the growth of LNCaP, C4-2B, and PC-3 cells compared 
to monotreatment.

 
 
 
 
 
 
 
 
 
 
 
 

These results suggest that our strategies to sensitize prostate cancer cells to 
chemotherapeutic agent induced killing of prostate cancer cells by DIM is a novel breakthrough, 
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which could be used for devising novel therapeutic strategies for prostate cancer. Thus, DIM 
could be a potent agent for prevention and/or treatment of prostate cancer.  
 
Conclusion: We have completed certain parts of task-3; however, we still need to investigate 
different kinases that are involved in the NF-κB pathway, particularly the status of IKK, 
MAP kinase-MEK, MEKK1 and NIK by transfection studies. Because of the difficulty and 
the time consuming nature of these experiments, we plan to complete this task in the fourth 
year for which we have already received approval for no cost extension. 
 
Task-4.  Task-4 will be focused on completing all data analysis, manuscript writing and 
for the development of novel ideas that may be submitted to Federal Agencies for further 
continued funding to test (a) whether I3C/DIM could be an effective agent for the prevention 
and/or for the treatment of tumors in animal models, (b) whether I3C/DIM pre-exposure of 
prostate cancer cells will sensitize these cells to commonly available chemotherapeutic 
agents, and finally (c) whether I3C/DIM could be an effective agent for the prevention and/or 
treatment of human prostate cancer.  
  

We have analyzed the data demonstrated above and written a manuscript. The 
manuscript will be submitted to “Journal of Biological Chemistry” for publication. The abstract 
in the manuscript is presented below. 
 Abstract: Previous studies from our laboratory and others have shown anti-proliferative 
and pro-apoptotic effects of 3,3’-diindolylmethane (DIM) in prostate cancer cells. However, the 
molecular mechanism of action of DIM has not been fully elucidated. To further reveal such a 
mechanism, we investigated the effects of B-DIM, a formulated DIM with greater bioavailability, 
on AR, Akt, and NF-κB signaling in hormone-sensitive LNCaP and hormone-insensitive C4-2B 
prostate cancer cells. We found that B-DIM significantly inhibited cell growth and induced 
apoptosis in both cell lines. By Akt transfection, RT-PCR, Western Blot analysis, and EMSA, we 
found that there could be a crosstalk between Akt, NF-κB, and AR. Importantly, B-DIM 
significantly inhibited Akt activation, NF-κB DNA binding activity, and the expressions of AR 
and PSA, interrupting the crosstalk. Moreover, our confocal image study revealed that B-DIM 
inhibited AR nuclear translocation, leading to the down-regulation of AR target genes. These 
results suggest that B-DIM could inhibit cell growth and induce apoptosis partly mediated 
through down-regulation of AR, Akt and NF-κB signaling. These observations provide a 
scientific rationale for devising novel therapeutic approaches for the treatment of hormone 
sensitive or hormone-refractory prostate cancer by using B-DIM, a non-toxic agent, with other 
therapeutics. 
 
 We have also submitted a grant proposal to NIH based on the data that we have generated 
so far to continue our research. 
  
Conclusion: We have completed certain parts of task-4. We will make progress on task-4 to 
complete all experiments, data analysis and manuscript writing during the fourth year of funding. 
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Key Research Accomplishments 
 

• Determined the inhibitory effect of B-DIM, a specially formulated DIM with greater 
bioavailability, on cell growth in androgen sensitive LNCaP and androgen insensitive C4-
2B prostate cancer cells. 

• Determined the effect of B-DIM on the induction of apoptosis in androgen sensitive 
LNCaP and androgen insensitive C4-2B prostate cancer cells. 

• Determined the inhibitory effect of B-DIM on the expression of AR and PSA in androgen 
sensitive LNCaP and androgen insensitive C4-2B prostate cancer cells. 

• Determined the inhibitory effect of B-DIM on the AR nuclear translocation in androgen 
sensitive LNCaP and androgen insensitive C4-2B prostate cancer cells. 

• Determined the cross-talk between Akt, NF-κB, and AR in androgen sensitive LNCaP 
and androgen insensitive C4-2B prostate cancer cells by transfection, luciferase assay, 
and EMSA. 

• Determined the inhibitory effects of B-DIM on Akt, NF-κB, and AR pathways in Akt 
transfected LNCaP and C4-2B prostate cancer cells by transfection, luciferase assay, and 
EMSA. 

• Determined the down-regulation of Akt, NF-κB, and AR by B-DIM leading to the cell 
growth inhibition and apoptotic cell death in LNCaP and C4-2B cells. 

• Determined the inhibitory effects of B-DIM on the phosphorylation of FOXO3a and 
FOXO3a binding to AR promoter. 

• Determined the effects of DIM on the sensitization of LNCaP and C4-2B prostate cancer 
cells to cell death induced by a chemotherapeutic agent, Taxotere. 
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Reportable Outcomes 
 

1. Sarkar FH, Li Y.  Using chemopreventative agents to enhance the efficacy of cancer 
therapy.  Cancer Res.  66(7): 3347-3350, 2006. 

2. Sarkar FH, Li Y. Plant derived antioxidants. In: Singh KK, editor. Oxidative Stress, 
Disease and Cancer. (In press), 2006. 

3. Bhuiyan MM, Li Y, Banerjee S, Ahmed F, Wang Z, Ali S, Sarkar FH. Downregulation of 
androgen receptor by DIM contributes to cell growth inhibition and induction of 
apoptosis in both hormone sensitive LNCaP and insensitive C4-2B prostate cancer cells. 
(Will be submitted to JBC) 
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Conclusions 
 
 We have found that DIM significantly inhibited the cell growth and induced apoptosis 
through down-regulation of AR and PSA expression at mRNA and protein levels in hormone-
sensitive LNCaP and hormone-insensitive C4-2B prostate cancer cells. By Akt transfection, RT-
PCR, Western Blot analysis, and EMSA, we found that there could be a crosstalk between Akt, 
NF-κB, and AR. Importantly, DIM significantly inhibited Akt activation, NF-κB DNA binding 
activity, and the expressions of AR and PSA, interrupting this crosstalk. Moreover, our confocal 
image study revealed that DIM inhibited AR nuclear translocation, leading to the down-
regulation of AR target genes including PSA. We also found that DIM inhibited Akt activation 
and subsequent phosphorylation of FOXO3a, resulting in the induction of apoptosis in prostate 
cancer cells. DIM also inhibited FOXO3a binding to AR promoter, leading to the down-
regulation of AR expression. DIM also enhanced the anti-tumor activity of Taxotere, one of the 
common chemotherapeutic agents. These results along with our previous findings suggest that 
DIM could be a potent agent for the prevention and/or treatment of hormone sensitive and 
hormone-refractory prostate cancer. The task-1 and task-2 have been fully completed. We have 
completed the majority parts of task-3 and task-4. We plan to complete task-3 and task-4 in the 
fourth year under no cost extension as approved by the DOD. 
 
 

 17



References 
 

1. Cohen JH, Kristal AR, Stanford JL.  Fruit and vegetable intakes and prostate cancer risk.  
J Natl Cancer Inst  92: 61-68, 2000. 

2. Verhoeven DT, Goldbohm RA, van Poppel G, Verhagen H, van den Brandt PA.  
Epidemiological studies on brassica vegetables and cancer risk. Cancer Epidemiol 
Biomarkers Prev   5: 733-748, 1996 

3. Nachshon-Kedmi M, Yannai S, Haj A, Fares FA.  Indole-3-carbinol and 3,3'-
diindolylmethane induce apoptosis in human prostate cancer cells. Food Chem Toxicol  
41: 745-752, 2003. 

4. Nwankwo JO. Anti-metastatic activities of all-trans retinoic acid, indole-3-carbinol and 
(+)-catechin in Dunning rat invasive prostate adenocarcinoma cells. Anticancer Res  22: 
4129-4135, 2002 

5. Chinni SR, Li Y, Upadhyay S, Koppolu PK, Sarkar FH.  Indole-3-carbinol (I3C) induced 
cell growth inhibition, G1 cell cycle arrest and apoptosis in prostate cancer cells. 
Oncogene 20: 2927-2936, 2001 

6. Chinni SR, Sarkar FH.  Akt inactivation is a key event in indole-3-carbinol-induced 
apoptosis in PC-3 cells. Clin Cancer Res  8: 1228-1236, 2002. 

7. Li Y, Li X, Sarkar FH.  Gene expression profiles of I3C- and DIM-treated PC-3 human 
prostate cancer cells determined by cDNA microarray analysis. J Nutr 133: 1011-1019, 
2003. 

8. Li Y, Chinni SR, Sarkar FH. Selective growth regulatory and pro-apoptotic effects of 
DIM is mediated by Akt and NF-κB pathways in prostate cancer cells.  Front Biosci  10: 
236-243, 2005 

9. Sarkar FH, Bhuiyan MM, Pilder M, Li Y.  Down regulation of androgen receptor (AR) 
and its target gene (PSA) expressions by B-DIM leads to sensitization of prostate cancer 
cells to Taxotere-induced apoptosis. Proc Am Assoc Cancer Res  46:abstr 466, 2005. 

 
 
 

 18



Appendices 
 
Publications, abstracts, and manuscripts during the second year of funding: 
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therapy.  Cancer Res.  66(7): 3347-3350, 2006. 

2. Sarkar FH, Li Y. Plant derived antioxidants. In: Singh KK, editor. Oxidative Stress, 
Disease and Cancer. (In press), 2006. 

3. Bhuiyan MM, Li Y, Banerjee S, Ahmed F, Wang Z, Ali S, Sarkar FH. Downregulation of 
androgen receptor by DIM contributes to cell growth inhibition and induction of 
apoptosis in both hormone sensitive LNCaP and insensitive C4-2B prostate cancer cells. 
(Will be submitted to JBC) 
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Using Chemopreventive Agents to Enhance the Efficacy

of Cancer Therapy

Fazlul H. Sarkar and Yiwei Li

Department of Pathology, Karmanos Cancer Institute, Wayne State University School of Medicine, Detroit, Michigan

Abstract

Emerging evidence suggests that cancer preventative agents
might be combined with chemotherapy or radiotherapy for the
more effective treatment of cancer. Recent studies suggest that
genistein and other dietary compounds that prevent cancermay
enhance the efficacy of cancer therapeutics by modifying the
activity of key cell proliferation and survival pathways, such
as those controlled by Akt, nuclear factor-KB, and cyclo-
oxygenase-2. In this article, we summarize the findings of
recent investigations of chemopreventive agents in combination
with cancer treatment regimens. (Cancer Res 2006; 66(7): 3347-50)

Background

Conventional cancer therapies, including surgery, chemotherapy,
and radiotherapy, as single modalities have a limited but important
role in the overall treatment of most solid tumors. Thus, the
strategies of cancer treatment using combined therapies or
combined agents with distinct molecular mechanisms are consid-
ered more promising for higher efficacy, resulting in better survival.
In recent years, more dietary compounds [i.e., genistein, 3,3V-
diindolylmethane, indole-3-carbinol (I3C), curcumin, (�)-epigallo-
catechin-3-gallate (EGCG), resveratrol, etc.] have been recognized as
cancer chemopreventive agents because of their anticarcinogenic
activity (1). Moreover, these compounds also exert the antitumor
activities through regulation of different cell signaling pathways.
Therefore, common cancer therapies combined with these dietary
compoundsmay exert enhanced antitumor activity through synergic
action or compensation of inverse properties. The combination
treatment may also decrease the systemic toxicity caused by
chemotherapies or radiotherapies because lower doses could be
used. In this short article, we review current knowledge of the effects
and the molecular mechanisms of the combination treatments
published thus far, to give a brief view on the new and emerging field
for optimal treatment of cancer patients with better survival.

Antitumor Activity of Common Cancer Therapies
Are Potentiated by Chemopreventive Agents

Recently, there has been a growing interest in investigating the
effects of genistein and other chemopreventive agents on the
inhibition of cancer cell growth in combination with chemo-
therapeutics or other common therapies. The number of publica-
tions regarding potentiated antitumor effects of cancer therapies by
chemopreventive agents has dramatically increased in 2005,
suggesting that novel combination treatments with common cancer

therapies and chemopreventive agents are beginning to receive
much attention in cancer research.

Potentiation of chemotherapeutic effects. The in vitro and
in vivo studies from our laboratory and others have shown that the
antitumor effects of chemotherapeutic agents could be enhanced
by combination treatment with chemopreventive agents. We have
reported that genistein in vitro potentiated growth inhibition and
apoptotic cell death caused by cisplatin, docetaxel, doxorubicin,
and gemcitabine in prostate, breast, pancreas, and lung cancers
(2–4). We found that pretreatment of cancer cells with 15 to
30 Amol/L genistein before the treatment with lower doses of
chemotherapeutic agents caused a significantly greater degree of
growth inhibition and apoptotic cell death, suggesting that
increased antitumor activities of chemotherapeutic agents with
lower toxicity to normal cells could be achieved by introducing
genistein into the chemotherapeutic strategy. To investigate
whether these phenomena that we observed in vitro could also
exit in vivo , we conducted animal studies. We found that dietary
genistein could potentiate the antitumor activities of gemcitabine
and docetaxel in a tumor model, resulting in more tumor cell
killing and apoptotic cell death (2, 3). By in vitro and in vivo
studies, we also found that genistein could sensitize diffuse large
cell lymphoma to cyclophosphamide, doxorubicin, vincristine,
prednisone (CHOP) chemotherapy (5). These results suggest that
genistein enhances antitumor activities of chemotherapeutic
agents both in vitro and in vivo in multiple tumors.

Other investigators have reported similar observations showing
that the antitumor effects of chemotherapeutics could be enhanced
by genistein. Hwang et al. recently reported that the combination of
genistein and 5-fluorouracil (5-FU) synergistically induced apopto-
sis in chemoresistant HT-29 colon cancer cells (6). Genistein was
also shown to enhance necrotic-like cell death in HER-2 over-
expressing breast cancer cells treated with Adriamycin (7). Tanos
et al. found that 1 to 10 Ag/mL genistein inhibited the growth of
dysplastic and malignant epithelial breast cancer cells in vitro , and
that the addition of tamoxifen has a synergistic/additive inhibitory
effect on breast cancer growth (8). These effects were not
modulated by estrogen receptor. In addition, genistein and its
isoflavone analogues have been found to decrease the side effects
of tamoxifen through P450-mediated pathways (9). Thesis results
support our findings and suggest the beneficial effects of genistein
on cancer chemotherapy.

In addition to genistein, other dietary chemopreventive agents,
including curcumin, EGCG, resveratrol, I3C, proanthocyanidin, and
vitamin D, have been shown to enhance the antitumor activities of
chemotherapeutic agents. A recent report by Lev-Ari et al. showed
that curcumin and celecoxib synergistically inhibited the growth of
colorectal cancer cells (10). Curcumin also enhanced the antitumor
activities of cisplatin, doxorubicin, and Taxol in HA22T/VGH
hepatic cancer cells, HeLa cells, or CAOV3 and SKOV3 ovarian
cancer cells (11–13). In addition, the combined curcumin and
tumor necrosis factor–related apoptosis-inducing ligand (TRAIL)
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treatment increased the number of hypodiploid cells and induced
DNA fragmentation in LNCaP cells, suggesting a potential use of
curcumin to sensitize prostate cancer cells for TRAIL-mediated
immunotherapy (14). It has been reported that EGCG and
tamoxifen synergistically induced apoptosis and growth inhibition
in MDA-MB-231 human breast cancer cells (15). EGCG could also
chemosensitize resistant tumor cells to doxorubicin through an
increase in the accumulation of doxorubicin in the tumors of
human carcinoma xenograft model (16). It has been found that
resveratrol from grapes could sensitize non-Hodgkin’s lymphoma
and multiple myeloma cells to paclitaxel-mediated apoptosis (17).
Proanthocyanidin, another compound from grapes, has been
reported to enhance doxorubicin-induced antitumor effect and
reverse drug resistance in doxorubicin-resistant K562/DOX cells,
breast cancer cells, and mouse tumor xenograft models (18, 19). We
and others have found that combinations of I3C and cisplatin or
tamoxifen cooperate to inhibit the growth of PC-3 prostate and
MCF-7 breast cancer cells more effectively than either agent alone
(20, 21). In addition, analogues of vitamin D were also shown to
potentiate the antiproliferative effect of doxorubicin, cisplatin, and
genistein in vitro (22). These results clearly show that dietary
cancer preventive agents can potentiate antitumor activities of
common chemotherapeutics.

Potentiation of radiotherapy. We have investigated the effect
of the combination of genistein and radiation on PC-3 prostate
cancer cells. We found that the combination of genistein and
radiation showed enhanced inhibitory effects on DNA synthesis,
cell growth, and colony formation in vitro (23). Furthermore, we
found that genistein combined with radiation led to a greater
control of the growth of the primary tumor and metastasis to
lymph nodes than genistein or radiation alone, suggesting that
genistein enhanced the radiosensitivity of PC-3 prostate cancer
cells (24). A similar report by other investigators showed that
genistein enhanced the radiosensitivity of cervical cancer cells
through increased apoptosis, prolonged cell cycle arrest, and
impaired damage repair (25). Genistein was also shown to enhance
radiosensitivity in human esophageal cancer cells in vitro (26),
suggesting that the enhancement of radiosensitivity by genistein is
not cell type dependent. Apart from genistein, another important
chemopreventive agent, curcumin, at a low concentration in
combination with radiation showed significant enhancement to
radiation-induced clonogenic inhibition and apoptosis in PC-3
prostate cancer cells (27). These reports show that the radiotherapy
combined with chemopreventive agents can cause more growth
inhibition and apoptotic cell death of various cancers compared
with monotreatment.

Molecular Mechanisms of Combination Treatment

The molecular mechanisms by which chemopreventive agents
potentiate the antitumor effects of cancer therapies have not been
fully elucidated. It is known that chemotherapy and radiotherapy
can induce drug resistance in cancer cells, resulting in treatment
failure. The major culprits involved in the development of drug
resistance are multidrug resistance gene, nuclear factor-nB (NF-nB),
and Akt. We and other investigators have found that the enhanced
antitumor effects by chemopreventive agents could be, in part,
through the regulation of NF-nB, Akt, and cyclooxygenase-2 (COX-2)
pathways, which play important roles in cell survival (Fig. 1).
Chemopreventive agents could also sensitize cancer cells to
apoptosis by regulating several important molecules (i.e., Bcl-2,

Bcl-XL, survivin, caspases, p21
WAF1, etc.) in the apoptotic pathway

(Fig. 1).
Regulation of the Akt pathway. Akt pathway is an important

cell signaling pathway involved in drug resistance. It has been
found that genistein enhanced necrotic-like cell death with the
significant inhibition of Akt activity in breast cancer cells treated
with genistein and Adriamycin, suggesting that the enhanced
growth inhibition of combination is through the inactivation of the
Akt pathway (7). Reports from our laboratory and others also
showed that activated Akt was inhibited by genistein combined
with gemcitabine or radiation in pancreatic, cervical, and
esophageal cancer cells, suggesting that enhancement of chemo-
therapeutic or radiation effects by genistein may be partially
mediated by the Akt pathway (3, 25, 26). Bava et al. recently
reported that curcumin down-regulated Taxol-induced phosphor-
ylation of Akt, which interacts with NF-nB, suggesting that
enhanced antitumor activity by curcumin is through the Akt and
NF-nB pathways (12).

Regulation of NF-KB pathway. It has been known that many
chemotherapeutic agents induce activity of NF-nB, which causes
drug resistance in cancer cells (28). By in vitro and in vivo studies,
we found that NF-nB activity was significantly increased by
cisplatin, docetaxel, gemcitabine, and radiation treatment, and that
the NF-nB inducing activity of these agents was completely
abrogated by genistein pretreatment in prostate, breast, lung, and
pancreatic cancer cells, suggesting that genistein pretreatment
inactivates NF-nB and may contribute to increased growth inhi-
bition and apoptosis induced by these agents (2–4, 23). We also
found that genistein potentiated the antitumor activity of CHOP
by inhibition of NF-nB in lymphoma cells (5). Similarly, curcumin
has been found to inhibit the activity of NF-nB and sensitize cancer
cells to cisplatin or Taxol-induced apoptosis (12, 29).

Regulation of apoptosis pathways. It has been reported that
curcumin combined with cisplatin decreased the expression of
several apoptosis-related genes, including c-myc , Bcl-XL, c-IAP-2,
NAIP, and XIAP (11). The combination of curcumin and TRAIL also
induced cleavage of procaspase-3, procaspase-8, and procaspase-9;
truncation of Bid; and release of cytochrome c from the
mitochondria in prostate cancer cells, indicating that the apoptotic
pathway is triggered in prostate cancer cells treated with
combination of curcumin and TRAIL (14). We and others also
found that genistein combined with docetaxel or gemcitabine
significantly inhibited Bcl-2, Bcl-XL, and survivin and induced
p21WAF1, suggesting that combination treatment regulates the
important molecules in the apoptotic pathway (2, 3).

Regulation of other pathways. It has been found that the
combination of 5-FU and genistein enhanced therapeutic effects in
colon cancers through the COX-2 pathway (6). A recent report
showed that curcumin or EGCG could down-regulate COX-2
expression without any change of COX-1 expression at both the
mRNA and protein levels in colorectal or prostate cancer cells,
suggesting that a combination of curcumin or EGCG with
chemotherapeutic agents could be an improved strategy for the
treatment of colorectal or prostate cancer (10, 30). Indeed, the
synergistic growth inhibitory effect of curcumin and celecoxib was
found in colorectal cancer cells through inhibition of the COX-2
pathway (10). Apart from the COX-2 pathway, the molecules in cell
cycle regulationmay also be involved inmechanisms of combination
treatment. It has been reported that combination of I3C and
tamoxifen caused a more pronounced decrease in cyclin-dependent
kinase 2 (CDK2)–specific enzymatic activity, CDK6 expression, and
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the level of phosphorylated retinoblastoma protein (20). The
enhanced effects of chemotherapy by chemopreventive agents may
also be related to immunopotentiating activities through reduction
of interleukin-6 (IL-6; ref. 13) and enhancements of lymphocyte
proliferation, natural killer cell cytotoxicity, CD4+/CD8+ ratio, IL-2,
and IFN-g productions (18). In addition, genistein and its isoflavone
analogues showed the potential to decrease side effects of tamoxifen
through metabolic interactions that inhibit the formation of
a-hydroxytamoxifen via inhibition of CYP1A2 (9), suggesting the
beneficial effects of genistein in combination with tamoxifen.

Conclusion and Perspective

The in vitro and in vivo studies reviewed above all suggest that
dietary chemopreventive agents may serve as potent agents for

enhancing the therapeutic effects of chemotherapy, radiotherapy,
or other standard therapeutics for the treatment of human cancers.
However, further in-depth mechanistic studies, in vivo animal
experiments, and clinical trials are needed to bring this concept
into practice to fully appreciate the value of chemopreventive
agents in combination therapy of human cancers.
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36 Plant-Derived Antioxidants

Fazlul H. Sarkar and Yiwei Li

1. Introduction

As humans live in an aerobic environment, their exposure to reactive oxy-
gen species (ROS) is continuous and unavoidable. The biological systems
in the human body interact with the external environment to maintain an
internal environment that favors survival, growth, differentiation, and repro-
duction. Although a number of defense systems have evolved to combat
the accumulation of ROS, these defense systems are not always adequate to
counteract the production of ROS, resulting in a state of oxidative stress.1 It
is important to note that oxidative stress has been linked to aging and a vari-
ety of chronic diseases such as atherosclerosis, neurodegenerative diseases,
diabetes, pulmonary fibrosis, arthritis.2,3 More importantly, oxidative stress
could be carcinogenic because ROS can cause severe DNA damage, which
plays an important role in carcinogenesis.2,4 Once DNA damage occurs,
DNA repair is a critical process in order to prevent mutagenesis. However,
under oxidative stress, the repair of DNA damage can be inhibited by several
redox-dependent metals, resulting in carcinogenesis.4 Moreover, the acti-
vation of nuclear factor-kappa B (NF-κB) by ROS under oxidative stress
has been known as a key event in carcinogenesis.4 Therefore, antioxidants
are important in combating cancers and some chronic diseases, which have
been tightly linked with oxidative stress.

In nature, to resist oxygenic threat, antioxidants have evolved in parallel
with our oxygenic atmosphere. Plants employ antioxidants to defend their
structures against ROS produced during photosynthesis.5 Plants, therefore,

1

liyi
Text Box
Appendix 2



1st Reading
June 28, 2005 16:33 SPI-B319 Oxidative Stress, Disease and Cancer (Ed: Joy Quek) ch36

2 Sarkar and Li

produce various antioxidant components, which could be beneficial for
human health. A variety of plant-derived components have been found
to reduce oxidative stress via the antioxidant mechanism. Among them,
isoflavones, curcumin, epigallocatechin-3-gallate, indole-3-carbinol (I3C),
resveratrol, lycopene, vitamin E, and vitamin C have shown more promis-
ing effects on the reduction of oxidative stress.6–12 Most of them have been
found to inhibit NF-κB activation stimulated by ROS.13–20 Moreover, these
antioxidants have shown their inhibitory effects on atherosclerosis, neu-
rodegeneration, oncogenesis, cancer growth, and metastasis,21–24 suggest-
ing that they could be used as chemopreventive and/or chemotherapeutic
agents for some chronic diseases and cancers.

2. Oxidative Stress and NF-κB Activation in Chronic Diseases
and Cancers

It has been well known that NF-κB activation stimulated by ROS is a
very important event in the development of some chronic diseases and
cancers,25,26 which are linked with oxidative stress. Under the situation of
oxidative stress, ROS induces DNA damage and alters cell signal trans-
duction pathways including the NF-κB pathway.27 The direct addition of
H2O2 to culture medium activates NF-κB in many types of cell lines.28 In
addition, it has been found that ROS in cells is increased in response to the
agents that also activate NF-κB.28,29 These findings suggest that oxidative
stress activates NF-κB activity in cells.

NF-κB plays important roles in the physiological processes as well as
in the defensive response to injury, infection, and other stress conditions.30

The NF-κB family is composed of several proteins: RelA (p65), RelB,
c-Rel, NF-κB1 (p50), and NF-κB2 (p52), each of which may form homo-
or heterodimers.31,32 In human cells without specific extracellular signal,
NF-κB is sequestered in the cytoplasm through tight association with
its inhibitors: IκB, which acts as NF-κB inhibitor, and p100 proteins,
which serve as both inhibitors and precursors of NF-κB DNA-binding
subunits.31,33 NF-κB can be activated by many types of stimuli including
tumor necrosis factor-α (TNF-α), ultraviolet radiation, H2O2, free radicals,
etc. The activation of NF-κB occurs through phosphorylation of IκB by



1st Reading
June 28, 2005 16:33 SPI-B319 Oxidative Stress, Disease and Cancer (Ed: Joy Quek) ch36

Plant-Derived Antioxidants 3

IKKβ and/or phosphorylation of p100 by IKKα, leading to degradation of
IκB and/or the processing of p100 into a small form (p52). This process
allows two forms of activated NF-κB (p50–p65 and p52–RelB) to become
free, translocate into nucleus, bind to NF-κB-specific DNA-binding sites,
and regulate downstream gene transcription.33,34

In this way, NF-κB controls the expression of many genes that are
involved in cellular physiological processes including stress response,
inflammation, differentiation, cell growth, apoptosis, etc.35–37 The disorder
of these physiological processes has been demonstrated to be linked with
the occurrence of some chronic diseases and cancers. It has been reported
that overexpression of NF-κB protects cells from apoptosis and favors cell
survival, while inhibition or absence of NF-κB induces apoptosis.38 An
in vivo study showed that mice lacking NF-κB p65 died embryonically
from extensive apoptosis in the liver, suggesting the anti-apoptotic role of
NF-κB.39 The deregulated cell proliferation or inability of cells to undergo
apoptotic cell death results in the development of cancers. NF-κB also pro-
motes the expression of genes related to inflammation and degeneration,
resulting in chronic inflammatory and degenerative diseases.25,40,41 There-
fore, the deregulated NF-κB under oxidative stress has been described as a
major cause in cancers and some of the chronic diseases.26,40

3. NF-κB as a Preventive or Therapeutic Target in
Inflammatory Diseases and Cancers

Inhibition of NF-κB activation stimulated by ROS is now widely recognized
as a valid strategy to combat inflammatory disease.25,42 However, it has
become obvious that inhibition of NF-κB activity is not only desirable for
the treatment of inflammation but also in cancer therapy.43,44 Examination
of the inflammatory microenvironment in neoplastic tissues has supported
the hypothesis that inflammation is a cofactor in oncogenesis for a variety
of cancers. Many anti-inflammation drugs and antioxidants inhibit NF-κB
activity and induce apoptosis; therefore, they may also be desirable in the
treatment of cancers.

Experimental studies have shown the cellular growth and anti-apoptotic
activity of NF-κB in malignant cells.45,46 It has been reported that NF-κB
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is constitutively activated in Hodgkin’s tumor cells, whereas inhibition of
NF-κB blocks the cell growth.46 It has been demonstrated that NF-κB
regulates growth and survival of multiple myeloma and that NF-κB is a
novel therapeutic target in multiple myeloma.47 Our data also showed that
plant-derived antioxidant compounds including genistein, I3C, and 3,3′-
diindolylmethane (DIM) inhibited the activity of NF-κB and the growth of
cancer cells, and induced apoptosis in cancer cells,13,17,48 suggesting that
NF-κB is a target for cancer prevention and/or treatment.

Now it has become more obvious that inhibition of NF-κB activity is
desirable in the prevention and treatment of cancers and inflammations.
Thus, plant-derived antioxidants with NF-κB inactivation activity may
serve as agents against cancers and some chronic diseases.

4. Plant-Derived Antioxidants Inhibiting Oxidative Stress
and NF-κB Activation

4.1. Isoflavones

Isoflavones are a subclass of the more ubiquitous flavonoids and are much
more narrowly distributed in soybeans. Genistein, daidzein, and glycitein
are three main isoflavones found in soybeans. Genistein and daidzein have
been found in relatively high concentration in soybeans and most soy-
protein products, while much lower amounts of glycitein are present in
soybeans. Experimental studies have revealed that isoflavones, particularly
genistein, exert antioxidant effects on human cells. It has been reported
that genistein protects cells against ROS by scavenging free radicals and
reducing the expression of stress-response-related genes.6,49 Isoflavones
also stimulate antioxidant protein gene expression in Caco-2 cells.50 Sierens
et al.51 have found that isoflavone supplementation reduces hydrogen
peroxide-induced DNA damage in sperm, suggesting the antioxidant effects
of isoflavone. In addition, it has been found that isoflavones and synthetic
isoflavone derivatives suppress lipid peroxidation of human high-density
lipoproteins, decrease oxidized low-density lipoproteins, and reduced
atherosclerotic plaque thickness, suggesting their preventive and thera-
peutic effects on cardiovascular diseases.52,53 Kawakami et al.54 have also
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reported that soy isoflavones may reduce the risk of some cardiovascular
diseases through their radical scavenging function and hypocholesterolemic
action. Moreover, it has been demonstrated that genistein inhibits tumor pro-
moter 12-O-tetradecanoylphorbol-13-acetate induced hydrogen peroxide
production in human polymorphonuclear leukocytes and HL-60 cells, sug-
gesting the inhibitory effect of genistein on carcinogenesis through antiox-
idant mechanism.55

4.1.1. Inhibition of oxidative stress and NF-κB activation in vitro
by soy isoflavone genistein

Our laboratory has investigated whether genistein treatment could modulate
NF-κB DNA binding activity in PC3 and LNCaP prostate cancer cells
by electrophoresis mobility shift assay (EMSA). We found that 50µM
genistein treatment for 24–72 h significantly inhibited NF-κB DNA-binding
activity in both cell lines.13 We further investigated whether genistein could
block NF-κB induction by oxidative stress inducers, H2O2 and TNF-α,13

both of which have been previously shown to induce NF-κB DNA-binding
activity. After treatment with H2O2 or TNF-α, we observed an increase
in NF-κB DNA-binding activity in prostate cancer cell lines, as expected.
However, when the cells were pre-treated with genistein for 24 h prior to
stimulation with the inducing agent, genistein abrogated the induction of
NF-κB DNA-binding activity elicited by either H2O2 or TNF-α. Western
blot analysis of nuclear extracts showed similar results.13 These results
demonstrated that genistein not only reduced NF-κB DNA-binding activity
in non-stimulated conditions, but inhibited NF-κB activation in cells under
oxidative stress condition.

Other investigators also demonstrated similar effect of genistein on
NF-κB in different types of cells. Baxa and Yoshimura54 showed that genis-
tein reduced NF-κB in T lymphoma cells via a caspase-mediated cleavage
of IκBα. Tabary et al.57 also found that genistein inhibited constitutive
and inducible NF-κB activation and decreased interleukin-8 production in
human cystic fibrosis bronchial gland cells. Our in vitro data along with
results from other investigators suggested that genistein functions as an
antioxidant, which could be a potent agent for the inhibition of oxidative
stress and the prevention and/or treatment of cancers.
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4.1.2. Inhibition of oxidative stress and NF-κB activation in vivo
by soy isoflavones

Since our in vitro results showed inactivation of NF-κB by genistein treat-
ment, we further investigated the effect of isoflavone supplementation on
NF-κB activation in vivo in human volunteers.14 The lymphocytes from
healthy male subjects were harvested from peripheral blood and cultured
for 24 h in the absence and presence of genistein. EMSA revealed that
genistein treatment inhibited basal levels of NF-κB DNA-binding activity
by 56% and abrogated TNF-α-induced NF-κB activity by 50%.14 Further-
more, when human volunteers received 50 mg of soy isoflavone supple-
ments (NovasoyTM) twice daily for three weeks, TNF-α failed to activate
NF-κB activity in lymphocytes harvested from these volunteers, while lym-
phocytes from these volunteers collected prior to soy isoflavone intervention
showed activation of NF-κB DNA-binding activity upon TNF-α treatment
in vitro.14

We further measured the levels of oxidative DNA damage in the blood
of the six subjects before and after supplementation with NovasoyTM.
DNA was isolated from lymphocyte nuclei from the six subjects and ana-
lyzed for levels of 5-OHmdU, a modified DNA base that represents the
endogenous status of cellular oxidative stress. We found that the mean
value of 5-OHmdU was significantly decreased after three weeks of soy
supplementation.14 These results have demonstrated that isoflavone supple-
mentation is very effective in reducing the level of 5-OhmdU, decreasing
oxidative damage, and inhibition of NF-κB activation in humans in vivo,
providing strong evidence that soy isoflavone functions as an antioxidant
and that these effects of isoflavone may be responsible for its chemopre-
ventive activity.

4.1.3. The effects of soy isoflavone genistein on cancer cells

The effects of isoflavone genistein on cancer cells have been widely studied
in various cancer cells. The results from our laboratory and other investiga-
tors have revealed that genistein inhibits the growth of various cancer cells
including leukemia, lymphoma, neuroblastoma, breast, prostate, lung, gas-
tric, head, and neck cancer cells.13,58–65 We and other investigators have
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also found that genistein induces apoptosis with modulation of expression
of genes related to apoptotic processes.49,61,63–65 Genistein has been shown
to regulate the molecules in cell signaling pathways including Akt, NF-
κB, MAPK, p53, AR, and ER pathways.48,62 By microarray and reverse
transcriptase-polymerase chain reaction analysis, we have also found that
genistein regulates the expression of genes that are critically involved
in the control of cell growth, cell cycle, apoptosis, cell signaling trans-
duction, angiogenesis, tumor cell invasion, and metastasis,66,67 suggest-
ing its pleiotropic effects on cancer cells. These effects make isoflavone
a promising agent against oxidative stress, some chronic diseases, and
cancers.

4.2. Indole-3-carbinol and 3,3′-diindolylmethane

I3C is produced from naturally occurring glucosinolates contained in a wide
variety of plants including members of the family Cruciferae, and partic-
ularly members of the genus Brassica. I3C is biologically active and it is
easily converted in vivo to its dimeric product DIM. Under the acidic condi-
tions of the stomach, I3C undergoes extensive and rapid self-condensation
reactions to form several derivatives.68 DIM is the major derivative and
condensation product of I3C and it is also biologically active. The forma-
tion of DIM from I3C has been believed to be a likely prerequisite for
I3C-induced anti-carcinogenesis. I3C and DIM have been shown to reduce
oxidative stress and stimulate antioxidant response element-driven gene
expression as antioxidants.69,70 Furthermore, we and other investigators
have found that I3C and DIM inhibit oncogenesis and cancer cell growth,
and induce apoptosis in various cancer cells,9,17,71–73 suggesting that I3C
and DIM may serve as potent agents for prevention and/or treatment of
cancers.

We have also investigated whether I3C treatment could inhibit NF-κB
DNA-binding activity in prostate and breast cancer cells by EMSA.17,73

Cancer cells were treated with 60 or 100µmol/l I3C for 48 h or with 20µg/l
TNF-α for 10 min. Nuclear proteins were harvested from samples, incu-
bated in DNA-binding buffer with 32P labeled NF-κB consensus oligonu-
cleotide, and subjected to 8% non-denatured polyacrymide gel. After drying
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the gel, autoradiography of the gel showed that TNF-α treatment stimulated
NF-κB activation as expected; however, I3C significantly inhibited NF-κB
DNA-binding activity in prostate and breast cancer cells, corresponding
with the inhibition of cell proliferation and the induction of apoptosis by
I3C in prostate and breast cancer cells.17,73 These results suggest that inhi-
bition of NF-κB activity by I3C may reduce the oxidative stress induced
by ROS or TNF-α.

4.3. Curcumin

Curcumin is a compound from Curcuma longa (tumeric). C. longa is a plant
widely cultivated in tropical regions of Asia and Central America. Turmeric
extract from the rhizomes, commonly called curcuminoids, is mainly com-
posed of curcumin. Curcumin has recently received considerable attention
due to its pronounced anti-inflammatory, anti-oxidative, immunomodulat-
ing, anti-atherogenic, and anti-carcinogenic activities.7,74–76

Curcumin is a potent scavenger of oxygen free radicals such as hydroxyl
radical and nitrogen dioxide radical.77 It has been reported that curcumin
inhibits lipid peroxidation in rat brain, liver, and lens, suggesting its antiox-
idant properties.78–80 Chuang et al.81 have shown that curcumin inhibits
diethylnitrosamine-induced liver inflammation and activation of NF-κB
in rats. Curcumin can also protect against inflammation-related changes.
Administration of curcumin decreases the level of the prostanoids in alcohol
toxicity model, suggesting its protective effects against inflammation.82 It
has been reported that curcumin inhibited IKK, suppressed both constitutive
and inducible NF-κB activation, and potentiated TNF-induced apoptosis.83

Curcumin also showed strong antioxidant and anticancer properties through
regulating the expression of genes that require the activation of activator
protein 1 and NF-κB.84 It has been known that curcumin inhibits the growth
of cancer cells, induces apoptosis, reduces cell survival signal protein Akt,
and regulates the expression of genes related to anti-invasion.15,85–87 In addi-
tion, NF-κB has been implicated in the development of drug resistance in
cancer cells. Curcumin has been found to significantly inhibit chemothera-
peutic agent doxorubicin-induced NF-κB activation,88 suggesting its effect
on reducing drug resistance and sensitizing cancer cell to chemotherapeutic
agents.
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4.4. Epigallocatechin-3-gallate

Consumption of green tea has been associated with human health including
the prevention of cancer and heart disease. Green tea and its constituents
have been studied both in vitro and in vivo. Green tea contains several cat-
echins including epicatechin, epigallocatechin, epicatechin-3-gallate, and
epigallocatechin-3-gallate (EGCG). However, EGCG has been believed to
be the most potent for inhibition of oncogenesis and reduction of oxidative
stress among these catechins.24,89

EGCG has been shown to have strong antioxidant activity. It has been
reported that EGCG treatment resulted in a significant dose- and time-
dependent inhibition of activation and translocation of NF-κB to the nucleus
by suppressing the degradation of IκBα in the cytoplasm.90,91 EGCG has
also been shown to inhibit activation of IKK and phosphorylation of IκBα,
corresponding with the inhibition of activation of NF-κB.92,93 There are
growing evidences showing that EGCG inhibits the proliferation of various
cancer cells and induces apoptotic processes in cancer cells,24,89 suggest-
ing its inhibitory effects on cancers. It has been found that EGCG had
a concurrent effect on two important transcription factors, such as p53
(stabilization of p53) and NF-κB (negative regulation of NF-κB activ-
ity), and also caused a change in the ratio of Bax/Bcl-2 in a manner that
favors apoptosis.94 Moreover, EGCG has been found to reduce the levels of
matrix metalloproteinases, suppress angiogenesis, and inhibit invasion and
metastasis.95,96 In addition, EGCG also prevents oxidative modification of
low density lipoproteins in human and the development of atherosclerosis
in apoprotein E-deficient mice,97,98 suggesting that EGCG may reduce the
risk of cardiovascular diseases.

4.5. Resveratrol

Resveratrol (3,5,4′-trihydroxystilbene) is a phytoalexin present in a
wide variety of plant species including grapes, mulberries, and peanuts.
Relatively high quantities of resveratrol are found in grapes. The con-
centration of resveratrol in red wine and grape juice is in the range of
0.05–10 mg/l, depending on grape cultivar, geographical origin, and pro-
cess methodology.10 Resveratrol has been shown to have beneficial effects
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on the reduction of oxidative stress and the prevention of heart diseases,
degenerative diseases, and cancers.10,99,100

Resveratrol has been reported to modulate lipoprotein metabolism and
to inhibit platelet aggregation and coagulation,101 suggesting its preventive
effects on cardiovascular diseases. It has been found that resveratrol reduces
DNA damage and formation of A2E-epoxidation, which is implicated in the
degenerative disease.102 Moderate wine consumption has been associated
with decreased odds of developing age-related degenerations.103 Experi-
mental studies have shown that resveratrol inhibits the growth of various
cancer cells and induces apoptotic cell death.104–107 The induction of apopto-
sis by resveratrol has been believed to be mediated through p53-depenedent,
Fas, MAPK, or ceramide signaling pathway.104–107 Resveratrol also shows
their inhibitory effects on the activity of NF-κB,18 suggesting its role as
antioxidant contributing to cancer prevention and/or treatment.

4.6. Lycopene

Tomatoes are rich in lycopene, which is the pigment principally responsible
for the deep-red color of tomato and its products. Tomato products including
ketchup, tomato juice, and pizza sauce are the richest sources of lycopene in
the US diet. The consumption of tomatoes and tomato products containing
lycopene have been shown to be associated with decreased risk of chronic
diseases such as cardiovascular diseases and cancers.11

Lycopene is a potent antioxidant. It has been found that lycopene, as
a biologically occurring carotenoid, exhibits high physical quenching rate
constant with singlet oxygen, suggesting its high activity as antioxidant.108

Sesso et al.109 have found that higher plasma lycopene concentrations are
associated with a lower risk of cardiovascular diseases in women. The pre-
vention of lipid peroxidation by lycopene may be one of the reasons that
lycopene reduces the risk of atherosclerosis and cardiovascular diseases.110

In addition to the effect on cardiovascular disease, lycopene also shows ben-
eficial effects on cancer prevention and treatment. Giovannucciet al.111 have
reported that frequent consumption of tomato products is associated with
a lower risk of prostate cancer. The inverse associations between plasma
lycopene and prostate cancer have also been reported.112 Experimental stud-
ies also show that lycopene inhibits cell growth in breast, prostate, and
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endometrial cancer cells with regulation of cell cycle-related genes.113,114

Clinical trial have revealed that lycopene supplements reduce tumor size
and PSA level in localized prostate cancers,115 suggesting its promising
effects on prostate cancer treatment.

4.7. Vitamins and others

Vitamin E (α-tocopherol) is a lipid-soluble antioxidant distributed in green
leaf vegetables, nuts, seeds, sunflower, and plant oils. Plant oils are the
main dietary source of vitamin E. Vitamin E exerts potent antioxidant
effect. It has been reported that vitamin E inhibits NF-κB activation and
NF-κB-dependent transcription, and induces differentiation through reduc-
tion of NF-κB,19,116,117 suggesting that vitamin E may exert its antiox-
idant effect through modulation of NF-κB. Vitamin E supplement has
been associated with decreased risk of degenerative disease and cardio-
vascular disease.118,119 Vitamin E also shows its inhibitory effects on
carcinogenesis.120 Vitamin E and its deriver have been known to inhibit
cancer cell growth via modulating cell cycle regulatory and apoptotic
machineries,121,122 suggesting their inhibitory effects on cancers.

Vitamin C is a water-soluble antioxidant. The sources of vitamin C are
fruits and vegetables, particularly orange, strawberry, citrus, kiwi, Brussels
sprouts, and cauliflower.5 It has been reported that vitamin C inhibits NF-κB
activation by the inhibition of IκBα phosphorylation or the activation of
p38 mitogen-activated protein kinase.20,123

In addition to vitamin E and C, vitamin A, ginseng, ubiquinone, ginkgo,
and docosahexaenoic acid have also been known as antioxidants.22 They
may have some beneficial effects on human health, particularly in chronic
diseases including cancers.

5. Conclusions

Oxidative stress has been linked to aging, some chronic diseases, and
carcinogenesis. NF-κB plays important roles in oxidative stress and
carcinogenesis. Therefore, targeting NF-κB may be a novel and important
preventive or therapeutic strategy against some chronic diseases and
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cancers. The plant-derived components (isoflavones, curcumin, EGCG,
I3C, resveratrol, lycopene, vitamin E, vitamin C, etc.) have been found
to reduce oxidative stress and inhibit NF-κB activation. They may have
inhibitory effects on atherosclerosis, neurodegeneration, oncogenesis, can-
cer cell growth, and progression. These effects make them strong candidates
as chemopreventive or therapeutic agents against cardiovascular diseases,
degenerative diseases, and cancers.
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Prostate caner, for most part, is a 
treatable disease and hormone ablation 
therapy is generally effective. However, 
almost all patients treated with hormone 
ablation therapy eventually give rise to 
hormone-refractory prostate cancer 
(HRPC) to which there is no curative 
therapy. Previous studies from our 
laboratory and others have shown anti-
proliferative and pro-apoptotic effects of 
3,3’-diindolylmethane (DIM) in prostate 
cancer cells. However, the molecular 
mechanism of action of DIM has not been 
investigated in AR positive hormone 
responsive and non-responsive prostate 
cancer cells. Therefore, we investigated 
the effects of B-DIM, a formulated DIM 
with greater bioavailability, on AR, Akt, 
and NF-κB signaling in hormone-sensitive 
LNCaP (AR+) and hormone-insensitive 
C4-2B (AR+) prostate cancer cells. We 
found that B-DIM significantly inhibited 
cell growth and induced apoptosis in both 
the cell lines. By Akt gene transfection, 
RT-PCR, Western Blot analysis, and 
EMSA, we found a potential crosstalk 
between Akt, NF-κB, and AR. 
Importantly, B-DIM significantly 
inhibited Akt activation, NF-κB DNA 

binding activity, and the expressions of 
AR and PSA, suggesting that B-DIM 
could interrupt the crosstalk. Moreover, 
our confocal image study revealed that B-
DIM inhibited AR nuclear translocation, 
leading to the down-regulation of AR 
target genes. These results suggest that 
the inhibition of cell growth and the 
induction of apoptosis by B-DIM are 
partly mediated through down-regulation 
of AR, Akt and NF-κB signaling. These 
observations provide a scientific rationale 
for devising novel therapeutic approaches 
for the treatment of hormone sensitive 
but most importantly hormone-refractory 
prostate cancer by using B-DIM alone or 
in combination with other therapeutics.  
 

Prostate cancer is the most 
frequently diagnosed cancer and the leading 
cause of  cancer death in men in the United 
States with an estimated 234,460 new cases 
and 27,350 deaths in 2006 (1). Despite an 
initial efficacy of androgen-deprivation 
therapy, most patients with advanced 
prostate cancer eventually develop 
resistance to this therapy and progress to 
hormone-refractory prostate cancer (HRPC) 
for which there is no curative therapy (2). 
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Chemotherapy for prostate cancer has been 
used for a number of years (3), however, 
only limited improvement in survival was 
recently observed in hormone-refractory 
prostate cancers when treated with 
docetaxel-based combination treatment (4). 
Therefore, novel targeted therapeutic 
approaches must be developed for the 
treatment of HRPC.   
 During the progression of prostate 
cancers from androgen sensitive status to 
androgen independent stage, prostate cancer 
cells still contain androgen receptor (AR), 
suggesting that AR signaling plays a critical 
role in the development and progression of 
prostate cancer (5). AR is a member of the 
steroid receptor superfamily and a nuclear 
transcription factor. Upon binding to AR, 
androgen activates AR which, in turn, 
interacts with androgen response elements 
(AREs) in the promoter of target genes 
including prostate-specific antigen (PSA), 
regulating the transcription of target genes. 
PSA is a clinically important marker used to 
monitor diagnosis, treatment response, 
prognosis and progression in patients with 
prostate cancer (6). In addition to androgen, 
the activity of AR may be modified by the 
molecules in other cell signaling pathways. 
It has been reported that Akt and NF-κB 
regulate AR signaling pathway by 
phosphorylation of AR or transcriptional 
regulation of AR (7, 8). Akt specifically 
binds to AR and phosphorylates serines 213 
and 791, thereby activating AR (7). 
Blocking Akt pathway by a dominant-
negative Akt or an inhibitor of Akt 
abrogates the HER-2/neu-induced AR 
signaling (7). These results suggest that Akt 
is an activator of AR required for androgen-
independent survival and growth of prostate 
cancer cells mediated by HER-2/neu 
signaling. It has been known that there are 
NF-κB binding sites in the promoter of AR 
(8), suggesting that NF-κB may regulate the 
expression of AR. The activation of Akt and 

NF-κB has been involved in the progression 
of prostate cancer from androgen 
dependence to independence (9, 10). In 
hormone-refractory prostate cancer, 
promiscuous function of AR together with 
the activation of Akt and NF-κB pathways 
promotes cancer cells to become resistant to 
androgen-deprivation therapy (9-12). In 
addition, androgen is also known to produce 
oxidative stress resulting in the production 
of reactive oxygen species (ROS) that, in 
turn, activate NF-κB and contribute to the 
induction of tumor cell proliferation (13). 
Therefore, AR, Akt, and NF-κB could be 
potential targets for the treatment of prostate 
cancer, especially HRPC. 

3,3’-diindilylmethane (DIM), an in 
vivo dimeric product of indole-3-carbinol 
(I3C), exhibits potent anti-proliferative 
activities against various cancers including 
prostate cancer (14-16). We have reported 
that I3C significantly induced apoptosis and 
inhibited NF-κB and Akt activation in breast 
and prostate cancer cells, suggesting that 
I3C could be chemopreventive and /or 
therapeutic agents for breast and prostate 
cancers (17-19). In addition, DIM has been 
shown to be an androgen antagonist (20), 
suggesting that the growth inhibitory effects 
of DIM on prostate cancer could be due to 
inactivation of multiple signaling pathways 
including AR signaling. To enhance the 
effects of DIM, Anderton et al reported a 
formulated DIM (B-DIM from 
BioResponse) which showed approximately 
50% higher bioavailability (21). However, 
no studies have been reported to date to 
elucidate the effect and molecular 
mechanisms of action of B-DIM on prostate 
cancer cells, especially on HRPC cells. To 
explore such mechanisms, in this study, we 
investigated the effects of B-DIM on a 
paired androgen-sensitive LNCaP and 
androgen-insensitive C4-2B (derived from 
LNCaP cells) prostate cancer cell lines. Here 
we report that B-DIM is a potent agent for 
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inducing growth inhibition and apoptotic 
cell death of both androgen-sensitive 
LNCaP and androgen-insensitive C4-2B 
prostate cancer cells. This effect of B-DIM 
was partly mediated through the regulation 
of AR, Akt, and NF-κB signaling pathways.  
 

Experimental Procedures 
 
Cell lines, Reagents, and Antibodies - 
Human prostate cancer cell lines including 
LNCaP, C4-2B, PC-3, and PC-3 stably 
transfected with AR were maintained in 
RPMI 1640 (Invitrogen, Carlsbad, CA) with 
10% FBS, 100 U/ml penicillin, and 100 
μg/ml streptomycin in a 5% CO2 atmosphere 
at 37oC. B-DIM was generously provided by 
Dr. Michael Zeligs (BioResponse, Boulder, 
CO) and was dissolved in DMSO to make a 
50 mM stock solution. DHT (Sigma, St. 
Louis, MO) was dissolved in ethanol to 
make 100 μM stock solutions. Anti-AR 
(Santa Cruz, Santa Cruz, CA), anti-PSA 
(Labvision, Fremont, CA), anti-Akt (Santa 
Cruz), anti-pAkt Ser473 (Cell Signaling, 
Danvers, MA), anti-NF-κB p65 (Uptate, 
Charlottesville, VA), and anti-β-actin 
(Sigma) primary antibodies were used for 
Western Blot analysis or confocal 
microscopic study. 
 
Cell Growth Inhibition Studies by MTT 
Assay - Human LNCaP and C4-2B prostate 
cancer cells were seeded in 96-well plates. 
After 24 hours, the cells were treated with 
0.1, 1, 10, 25, and 50 µM B-DIM for 48-72 
hours. Control cells were treated with 0.1% 
DMSA (vehicle control). After treatment, 
the cells were incubated with MTT (0.5 
mg/ml, Sigma) in medium at 37°C for 2 
hours and then with isopropanol at room 
temperature for 1 hour. The 

spectrophotometric absorbance of the 
samples was determined by using Ultra 
Multifunctional Microplate Reader (Tecan, 
Durham, NC) at 595 nm.  

Histone/DNA ELISA for Detection of 
Apoptosis - The Cell Death Detection 
ELISA Kit (Roche, Palo Alto, CA) was used 
to detect apoptosis in prostate cancer cells 
treated with B-DIM according to the 
manufacturer’s protocol. Briefly, the 
cytoplasmic histone/DNA fragments from 
LNCaP and C4-2B cells treated with 0, 10, 
and 25 µM B-DIM for 24, 48, and 72 hours 
were extracted and incubated in microtiter 
plate modules coated with anti-histone 
antibody. Subsequently, the peroxidase-
conjugated anti-DNA antibody was used for 
the detection of immobilized histone/DNA 
fragments followed by color development 
with ABTS substrate for peroxidase. The 
spectrophotometric absorbance of the 
samples was determined by using Ultra 
Multifunctional Microplate Reader (Tecan) 
at 405 nm.  
 
Western Blot Analysis - LNCaP, C4-2B, PC-
3, and PC-3 cells stably transfected with AR 
were cultured in RPMI-1640 with 10% FBS 
or 10% dextran-coated charcoal-stripped 
FBS (DCC-FBS). Cells were then treated 
with B-DIM at various concentrations for 
different time periods followed by treatment 
with and without DHT (0.1, 1 nM) for 2 
hours. After treatment, cells were lysed and 
protein concentration was then measured 
using BCA protein assay (Pierce, Rockford, 
IL). The proteins were subjected to SDS-
PAGE, and electrophoretically transferred to 
nitrocellulose membrane.  The membranes 
were incubated with various primary 
antibodies, and subsequently incubated with 
secondary antibody conjugated with 
peroxidase.  The signal was then detected 
using the chemiluminescent detection 
system (PIERCE). 
 
Real-Time Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) 
Analysis – LNCaP, C4-2B, and AR stably 
transfected PC-3 cells were treated as 
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described above. Total RNA was extracted 
using Trizol (Invitrogen) and purified by 
using RNeasy Mini Kit (Qiagen, Valencia, 
CA). Total RNA (2 µg) from each sample 
was subjected to reverse transcription using 

the SuperScript First-Strand cDNA 
Synthesis Kit (Invitrogen) and the cDNAs 
were subjected to real-time PCR analysis for 
AR and PSA expression. Real-time PCR 
reactions were carried out in SmartCycler II 
(Cepheid, Sunnyvale, CA). The primers for 
AR were as follows: 5’-
AGCCATTGAGCCAGGTGTAG-3’ and 
5’-CGTGTAAGTTGCGGAAGCC-3’. The 
primers for PSA were as follows: 5’-
GTGGGTCCCGGTTGTCT-3’ and 5’-
AGCCCAGCTCCCTGTCT-3’. PCR 
amplification efficiency and linearity for 
each gene including targeted and control 
genes were tested. Data were analyzed 
according to the comparative cycle threshold 
(Ct) method and were normalized by β-actin 
or GAPDH expression in each sample. 
Melting curves for each PCR reaction were 
generated to ensure the purity of the 
amplification product. 
 
NF-κB DNA Binding Activity Measurement 
- LNCaP and C4-2B cells were treated as 
described above. Nuclear extracts were 
prepared according to the method described 
by Chaturvedi et al (22) and the protein 
concentration was measured. Nuclear 
protein was then subjected to electrophoretic 
mobility shift assay (EMSA). EMSA was 
performed by incubating 4µg of nuclear 
proteins with IRDyeTM-700 labeled NF-κB 
oligonucleotide and 2µg of poly (dI-dC) for 
30 minutes at room temperature in the dark. 
The DNA-protein complex formed was 
separated from free oligonucleotide on an 
8% native polyacrylamide gel followed by 
scanning with the Odyssey Imaging System 
(LI-COR, Lincoln, NB).  
 

Immunofluorescence Staining and Confocal 
Imaging - LNCaP and C4-2B cells were 
plated on cover slips in each well of 6-well 
plate containing 10% DCC-FBS. Cells were 
then treated with B-DIM (10, 25 µM) for 
different time periods followed by 
incubation with and without DHT (0.1, 1 
nM) for 2 hours. Cells were then fixed with 
10% formalin for 10 minutes. Then, cover 
slips were rinsed with PBS, treated with 
0.2% BSA in PBS for 45 min and with 0.5% 
Triton X100 in PBS for 10 minutes, and 
incubated with Anti-AR monoclonal 
antibody (1:50, Santa Cruz) at 37°C for 2.5 
hours in PBS with 0.5% Triton X100. After 
washing with PBS, the cells were incubated 
with FITC-conjugated anti-mouse antibody 
(1:100, Molecular probes, Eugene, OR) 
along with 0.1 µg/ml DAPI (Sigma) at 37°C 
for 1 hour and washed with PBS. Cell 
images were captured on a Zeiss 310 laser 
scanning inverted confocal microscope 
system, using 63 X 1.2 objective and 
488/364 nm laser wavelengths to detect 
FITC and DAPI, respectively.  
 
Transient Transfection with Akt cDNAs 
and/or Reporter Constructs – pLNCX-Akt 
(wild type Akt), pLNCX-Myr-Akt 
(constitutively activated Akt), pLNCX-Akt-
K179M (dominant negative), and pLNCX 
(control empty vector) were generously 
provided by Dr. Sellers (Dana-Farber 
Cancer Institute, Boston, MA). NF-κB-Luc 
(Stratagene, La Jolla, CA) contains six 
repeated copies of the NF-κB DNA-binding 
site and a luciferase reporter gene. pSV-β-
gal reporter vector (Promega, Madison, WI) 
transfection was used for normalization of 
transfection efficiency. The pLNCX-Akt, 
pLNCX-Myr-Akt, pLNCX-Akt-K179M, or 
pLNCX was transiently co-transfected with 
NF-κB-Luc and pSV-β-gal into LNCaP and 
C4-2B cells using ExGen 500 (Fermentas, 
Hanover, MD). After 5 hours, the 
transfected cells were washed and incubated 

 4



with complete RPMI-1640 medium 
overnight followed by treatment with 50 μM 
B-DIM for 48 hours. Subsequently, the 
luciferase activities in the samples were 
measured by Steady-Glo™ Luciferase 
Assay System (Promega) and ULTRA 
Multifunctional Microplate Reader 
(TECAN). β-galactosidase activities were 
measured using β-galactosidase Enzyme 
Assay System (Promega). The nuclear 
proteins from transfected cells were also 
extracted and subjected to measurement of 
NF-κB DNA-binding activity using EMSA 
method as described above. The protein 
expressions of AR, PSA, Akt, p-
Akt(Ser473), and NF-κB in transfected 
LNCaP and C4-2B cells treated with or 
without B-DIM were measured by Western 
Blot analysis. 

LNCaP and C4-2B cells were also 
transiently co-transfected with PSA-Luc 
promoter construct containing ARE and 
pSV-β-gal vector by ExGen 500 
(Fermentas). PSA-Luc construct was 
generously provided by Dr. Charles Young 
(Mayo Clinic, Rochester, MN). After 5 
hours, the transfected cells were washed and 
incubated with complete RPMI-1640 
medium overnight followed by treatment 
with 10 and 25 μM B-DIM for 24 and 48 
hours. Subsequently, the luciferase and β-
galactosidase activities in the samples were 
measured as described above.  
 

RESULTS 
 
Inhibition of Cell Growth by B-DIM - Prior 
to our molecular experiments, we tested the 
effect of androgen (DHT) on the growth of 
LNCaP and C4-2B cells. As expected, 
LNCaP cells which are known to be 
sensitive to androgen showed growth 
stimulation of 25% and 35% at 48 and 72 
hours upon 1 nM DHT treatment. In 
contrast, C4-2B cells which are insensitive 
to androgen showed minimal or no growth 

stimulation (data not shown). Subsequently, 
we tested the effects of B-DIM on cell 
growth in prostate cancer cells by MTT 
assay. We found that the treatment of 
LNCaP and C4-2B prostate cancer cells with 
B-DIM resulted in a dose- and time-
dependent inhibition of cell proliferation 
(Fig. 1A and 1B) with maximal inhibition 
seen at 50 µM, demonstrating a potent 
growth inhibitory effect of B-DIM on both 
androgen sensitive and insensitive prostate 
cancer cells. Because the inhibition of cell 
growth by B-DIM could be also due to the 
induction of apoptosis, we next tested the 
apoptosis inducing effects of B-DIM in 
prostate cancer cells.   
 
Induction of Apoptosis by B-DIM in Prostate 
Cancer Cells - To investigate whether the 
growth inhibitory effects B-DIM is due to 
the induction of apoptosis, the Histone/DNA 
ELISA was conducted in B-DIM-treated 
LNCaP and C4-2B prostate cancer cells. We 
observed a significant induction of apoptosis 
in both androgen dependent and independent 
prostate cancer cells (Fig. 1C and 1D). This 
induction of apoptosis was time-dependent 

and directly correlated with the inhibition of 
cell growth, suggesting that the growth 
inhibitory activity of B-DIM was partly 
mediated through an increase in apoptotic 
cell death. These results are in direct 
agreement with those observed earlier in I3C 
treated breast and prostate cancer cells (17-
19). Since AR and PSA play critical roles in 
the initiation and progression of prostate 
cancer, we detected the effects of B-DIM on 
AR and PSA expression by RT-PCR and 
Western Blot analysis. 
 
Inhibition of AR and PSA Expressions in 
Prostate Cancer Cells – By Western Blot 
analysis, we found that B-DIM significantly 
inhibited the expression levels of AR and 
PSA proteins in LNCaP prostate cancer cells 
in both time-dependent and dose-dependent 
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manners (Fig. 2A). Similarly, B-DIM also 
showed significant time-dependent and 
dose-dependent inhibition of AR and PSA 
protein expression in C4-2B prostate cancer 
cells (Fig. 3A). Furthermore, B-DIM 
abrogated the DHT-induced up-regulation of 
AR and PSA proteins in both LNCaP (Fig. 
2B) and C4-2B (Fig. 3B) cells.  

In order to examine whether down-
regulation of AR and PSA proteins by B-
DIM is a transcriptional event, we examined 
the expression levels of both AR and PSA 
mRNA by real-time RT-PCR. The results 
showed that B-DIM significantly down-
regulated the expression of both AR and 
PSA mRNA in the presence and absence of 
DHT in both LNCaP (Fig. 2C and 2D) and 
C4-2B cells (Fig. 3C and 3D), indicating 
that B-DIM could inhibit the basic and the 
DHT-induced AR and PSA transcriptional 
activities. These results are consistent with 
B-DIM-regulated AR and PSA expression at 
the protein levels, suggesting that B-DIM-
regulated AR and PSA gene expressions 
were transcriptional events.  

In order to further prove this point, 
we tested the effects of B-DIM on AR stably 
transfected PC-3 prostate cancer cells in 
which the expression of AR is driven by an 
artificial promoter. We did not observed 
down-regulation of AR by B-DIM in AR 
stably transfected PC-3 cells (Fig. 4A). We 
also transfected PSA-Luc vector, which 
contains PSA promoter with ARE and 
luciferase reporter gene, into LNCaP and 
C4-2B cells and treated the cells with B-
DIM. We found that luciferase activity was 
significantly induced after PSA-Luc 
transfection and 10-25 μM B-DIM treatment 
for 24-48 hours significantly decreased 
luciferase activity in PSA-Luc transfected 
LNCaP and C4-2B cells (Fig. 4B and 4C). 
These results further demonstrated that the 
down-regulation of AR and PSA expression 
by B-DIM is a transcriptional event. 
Because it is reported that AR may be 

regulated by Akt and NF-κB (7, 8), we next 
tested the effects of B-DIM on Akt and NF-
κB signaling.  
 
Down-regulation of Akt by B-DIM leading 
to inhibition of NF-κB, AR, and PSA – By 
Western Blot analysis, we found that B-DIM 
down-regulated the protein levels of p-Akt, 
nuclear NF-κB, AR, and PSA in both 
LNCaP and C4-2B cells (Fig. 5). To further 
investigate the relationship between Akt, 
NF-κB, AR, and PSA, and the effects of B-
DIM on these molecules, we co-transfected 
Akt cDNA and NF-κB-Luc into LNCaP and 
C4-2B cells. We found that p-Akt, nuclear 
NF-κB, AR, and PSA were up-regulated 
after wild type Akt and Myr Akt 
transfections in LNCaP and C4-2B cells. 
However, the up-regulations of p-Akt, 
nuclear NF-κB, AR, and PSA by Akt 
transfection were significantly abrogated in 
both LNCaP and C4-2B cells (Fig. 5). 
 By tranfection and luciferase assay, 
we found that luciferase activity was 
significantly increased after co-transfection 
with NF-κB-Luc and wild type Akt or Myr 
Akt in both LNCaP and C4-2B cells (Fig. 
6A), suggesting the activation of NF-κB by 
Akt transfection. Moreover, B-DIM 
treatment significantly abrogated the up-
regulation of luciferase activity caused by 
Akt transfection. Furthermore, we conducted 
EMSA to test NF-κB DNA binding activity 
in Akt transfected cells. The results showed 
that NF-κB DNA binding activity was 
significantly increased by wild type Akt and 
Myr Akt transfection and this was inhibited 
by B-DIM treatment (Fig. 6B), which is 
consistent with the data from luciferase 
assay. Moreover, we also found that B-DIM 
at 10 or 25 μM significantly inhibited NF-
κB DNA binding activity in the presence 
and absence of DHT in both LNCaP and C4-
2B cells (Fig. 6C).  

Combined with the alteration in AR 
as observed by Akt transfection studies, our 
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results suggest that there could be a 
crosstalk between p-Akt, NF-κB, and AR, 
and that the inhibition of Akt activation by 
B-DIM could lead to the down-regulation of 
NF-κB, AR, and PSA. Because the function 
of AR in the regulation of its target genes is 
mainly occurred in the nucleus, we next 
tested the localization of AR before and 
after B-DIM treatment. 
 
Inhibition of AR Nuclear Translocation by 
B-DIM - By Western Blot analysis, we 
found that B-DIM reduced AR protein level 
in both the cytosol and the nuclear extracts 
(Fig. 5). However, the AR protein level was 
much more down-regulated by B-DIM in 
nucleus than that in cytosol, suggesting that 
B-DIM could inhibit AR nuclear 
translocation. Therefore, we conducted 
immunofluorescent staining and confocal 
imaging to examine the effect of B-DIM on 
AR nuclear translocation in LNCaP and C4-
2B prostate cancer cells. We found that both 
LNCaP and C4-2B cells treated with 25 μM 
B-DIM for 24 hours showed much less AR 
staining in nucleus compared to control (Fig. 
7A and 7B). These results suggest that B-
DIM significantly inhibited AR 
translocation into the nucleus and, in turn, 
down-regulated AR target genes including 
PSA, consistent with RT-PCR and Western 
Blot data showing down-regulation of PSA 
mRNA and protein levels after B-DIM 
treatment (Fig. 2, 3, and 5).    
 

DISCUSSION 
 Androgen exerts its biological effects 
through binding to AR and activating AR 
transcriptional activity, promoting growth of 
prostate epithelial cells. Therefore, androgen 
and AR play important roles in the normal 
development and maintenance of prostate 
(5). More importantly, AR signaling also 
plays critical roles in the development and 
progression of prostate cancer. In the early 
stage of prostate cancer, androgen-

deprivation therapy shows inhibition of 
cancer cell growth, suggesting that androgen 
still controls functions of AR signaling at 
this stage. However, in hormone-refractory 
prostate cancer (HRPC), androgen-
deprivation therapy fails although AR 
expression is still maintained in most cases 
(5). Actually, 30% of HRPC show 
amplification and over-expression of AR 
gene, indicating that AR signaling pathway 
is malfunctioning in HRPC (23, 24). Studies 
on the progression of prostate cancer have 
indicated that an increase in AR mRNA and 
protein is both necessary and sufficient to 
convert prostate cancer from a hormone-
sensitive to a hormone refractory stage (25), 
and that overexpressed AR linked to p21waf1 
silencing may be responsible for androgen 
independence and resistance to apoptosis 
(26). These studies suggest that over-
expression of AR is an important factor for 
acquired resistance of prostate cancer to 
androgen-deprivation therapy. Therefore, 
AR is a key target for the treatment of both 
early stage of prostate cancer and HRPC and 
the inactivation of AR expression should be 
an important approach for the successful 
treatment of HRPC. In this study, we found 
that B-DIM significantly inhibited cell 
growth, induced apoptosis, down-regulated 
the expression of AR mRNA and protein, 
and abrogated the activation of AR by DHT 
in both androgen sensitive and insensitive 
prostate cancer cells. These results suggest 
that cell growth inhibition and induction of 
apoptosis by B-DIM is partly mediated 
through the down-regulation of AR. B-DIM 
also inhibited AR nuclear translocation and 
subsequent expression of PSA, one of the 
important makers for progression of prostate 
cancer. These results suggest that B-DIM 
could be a potent agent for the treatment of 
androgen sensitive but most importantly 
androgen insensitive prostate cancer.  
 Several cell signal transduction 
pathways have been involved in the 
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progression of HRPC by the interaction with 
AR signaling (27-29). Among them, Akt 
pathway is an important cell signaling 
pathway for the survival of prostate cancer 
cells (30). It is believed that increased AR 
activity is caused by a crosstalk between 
AR, PI3K/Akt, and MAPK pathways (27) 
although the relationship between Akt and 
AR remains controversial. It has been 
reported that Akt directly or indirectly 
interacts with AR through GSK3β and β-
catenin, and then enhances AR 
transactivation, promoting the growth of 
prostate cancer cells (7, 28, 31). However, 
recent study by Yang et al showed that 
inhibition of PI3K/Akt pathway by 
LY294002 could result in the activation of 
FOXO3a, which could then induce AR 
expression to protect prostate cancer cells 
from apoptosis caused by the inhibition of 
PI3K/Akt pathway (32). Therefore, the 
inhibition of both Akt and AR signaling 
pathways may be a powerful approach to 
treat both androgen dependent prostate 
cancer and HRPC. In this study, we found 
that B-DIM inhibited both Akt activation 
and AR transactivation, suggesting that B-
DIM could be a potent agent for the 
treatment of both androgen dependent 
prostate cancer and HRPC. We also found 
that transfection of Akt caused activation of 
NF-κB and increase in AR expression, 
suggesting that there could be a direct 
crosstalk between Akt, NF-κB, and AR. 
 It has been well known that NF-κB 
pathway plays important roles in the control 
of cell growth, differentiation, apoptosis, 
inflammation, stress response, and many 
other physiological processes in cellular 
signaling. NF-κB signaling pathway is also 
involved in the development and 
progression of prostate cancer. NF-κB is 
overexpressed in prostatic intraepithelial 
neoplasia and prostate adenocarcinoma (33). 
Constitutive activation of NF-κB has been 
found in androgen independent prostate 

cancer cells while less activity of NF-κB has 
been observed in androgen dependent 
prostate cancer cells (34, 35). Like Akt and 
AR, the relationship between NF-κB and 
AR activation remains controversial. 
Palvimo et al reported that elevated 
expression of NF-κB p65 repressed AR-
mediated transactivation in a dose-
dependent manner whereas NF-κB p50 did 
not influence AR transactivation (36). 
However, other investigators show that IL-4 
induced NF-κB is required for AR activation 
(29) and that there are NF-κB binding sites 
in the promoter of AR (8), suggesting that 
the activation of NF-κB could enhance AR 
transactivation. Therefore, inhibition of both 
NF-κB and AR could be another powerful 
approach to treat both androgen dependent 
prostate cancer and HRPC. Indeed, in this 
study, we found that B-DIM inhibited NF-
κB, AR, and PSA, resulting in the cell 
growth inhibition and apoptotic cell death in 
both androgen sensitive and insensitive 
prostate cancer cells. It has been reported 
that NF-κB activates PSA expression by 
direct binding to the enhancer of PSA (37). 
Therefore, the inhibition of PSA expression 
by B-DIM could be mediated through the 
down-regulation of both NF-κB and AR.  
 In HRPC, the failure of androgen-
deprivation therapy is believed to be due to 
the AR modifications including AR 
mutations, AR amplification, and ligand-
independent activation of AR through 
crosstalk with other signaling pathways (23, 
24, 38, 39). Growing evidences demonstrate 
a critical role of AR activation by 
nonandrogen in the development of 
androgen independent prostate cancer (7, 
27-29). Therefore, it is important to discover 
other non-androgen molecules which 
activate AR. By Akt transfection, we 
observed increased AR expression 
accompanied with the increased p-Akt, NF-
κB, and PSA, suggesting a crosstalk 
between Akt, NF-κB, AR, and PSA (Fig. 
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7C). It has been reported that Akt regulates 
NF-κB activation through IKK 
phosphorylation (40) and that NF-κB may 
activate AR signaling (29). Therefore we 
believe that in the crosstalk, p-Akt could 
activate NF-κB and, in turn, activate AR 
which transactivate PSA expression, 
promoting the growth of prostate cancer 
cells. In addition, AR could also be activated 
directly by activated Akt (7) whereas PSA 
could be up-regulated directly by NF-κB 
(37). More importantly, we found that B-
DIM could inhibit Akt, NF-κB, AR, and 
PSA in both androgen sensitive and 
insensitive prostate cancer cells, 

demonstrating its effects on the interruption 
of these crosstalk. Taken together, these 
results along with our findings on the 
inhibition of cell growth and the induction 
of apoptosis by B-DIM in both LNCaP and 
C4-2B prostate cancer cells, clearly suggest 
that B-DIM could be a promising non-toxic 
agent for the treatment of prostate cancer, 
especially hormone-refractory prostate 
cancer (HRPC) for which there is no 
curative therapy. However, further in-depth 
studies, including animal experiments and 
clinical trials, are needed to fully appreciate 
the value of B-DIM in the fight against 
prostate cancer.     
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*: This work was partly funded by grants from the Department of Defense (DOD Prostate 
Cancer Research Program DAMD17-03-1-0042 awarded to FHS) and the National Cancer 
Institute, NIH (5R01CA108535 to FHS). 
The abbreviations used are: DIM, 3,3’-diindolylmethane; B-DIM, formulated 3,3’-
diindolylmethane from BioResponse; AR, androgen receptor; PI3K, phosphatidylinositol 3(OH)-
kinase; FOXO, Forkhead transcription factors; NF-κB, nuclear factor-kappa B; PSA, prostate-
specific antigen; ARE, androgen-responsive element; FBS, fetal bovine serum; DCC-FBS, dextran-
coated charcoal-stripped fetal bovine serum; DHT, dihydrotestosterone; EMSA, electrophoretic 
mobility shift assay; HRPC, hormone-refractory prostate cancer. 
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FIGURE LEGENDS 
Fig. 1. B-DIM significantly inhibited cell growth and induced apoptosis in LNCaP and C4-
2B cells.  For cell growth inhibition assay, LNCaP (A) and C4-2B (B) cells were treated with 0-
50 μM B-DIM for 48 and 72 hours. Cell viability was tested by MTT assay. For apoptosis assay, 
LNCaP (C) and C4-2B (D) cells were treated with 10 or 25 μM B-DIM for 24, 48, and 72 hours. 
Apoptotic cell death was tested by Histone/DNA ELISA. (*: p<0.05 compared to control, n=3) 
 
Fig. 2.  B-DIM significantly inhibited expression of AR and PSA at mRNA and protein 
levels in LNCaP cells.  A. Western Blot analysis showed that B-DIM inhibited expression of 
AR and PSA protein in time- (upper panel) and dose- (lower panel) dependent manners.  B. 
LNCaP cells were treated with 10 and 25 μM B-DIM for 24 hours followed by 0.1 and 1 nM 
DHT treatment for 2 hours. Western Blot analysis showed that both 10 μM (upper panel) and 25 
μM (lower panel) B-DIM abrogated the expression of AR and PSA protein stimulated by DHT.  
C. Real-time RT-PCR showed that 10 and 25 μM B-DIM inhibited AR mRNA expression 
stimulated by 0.1 and 1 nM DHT.  D. Real-time RT-PCR showed that 10 and 25 μM B-DIM 
inhibited PSA mRNA expression stimulated by 0.1 and 1 nM DHT. 
 
Fig. 3.  B-DIM significantly inhibited expression of AR and PSA at mRNA and protein 
levels in C4-2B cells.  A. Western Blot analysis showed that B-DIM inhibited expression of AR 
and PSA protein in time- (upper panel) and dose- (lower panel) dependent manners.  B. C4-2B 
cells were treated with 10 and 25 μM B-DIM for 24 hours followed by 0.1 and 1 nM DHT 
treatment for 2 hours. Western Blot analysis showed that both 10 μM (upper panel) and 25 μM 
(lower panel) B-DIM abrogated the expression of AR and PSA protein stimulated by DHT.  C. 
Real-time RT-PCR showed that 10 and 25 μM B-DIM inhibited AR mRNA expression 
stimulated by 0.1 and 1 nM DHT.  D. Real-time RT-PCR showed that 10 and 25 μM B-DIM 
inhibited PSA mRNA expression stimulated by 0.1 and 1 nM DHT. 
 
Fig. 4.  B-DIM did not inhibit expression of AR in AR stably transfected PC-3 cells but it 
significantly inhibited the activity of PSA promoter in LNCaP and C4-2B cells. A. B-DIM 
did not inhibit AR protein expression in AR stably transfected PC-3 cells. AR stably transfected 
PC-3 cells were treated with 10 and 25 μM B-DIM for 24 hours followed by 0.1 and 1 nM DHT 
treatment for 2 hours. Western Blot analysis showed that both 10 and 25 μM B-DIM did not 
inhibit the AR expression stimulated by DHT. B and C. LNCaP (B) and C4-2B (C) cells were 
transiently co-transfected with PSA-Luc and pSV-β-gal by ExGen 500. After 5 hours, the 
transfected cells were washed and incubated with complete RPMI-1640 medium overnight 
followed by the treatment with 10 and 25 μM B-DIM for 24 and 48 hours. Subsequently, the 
luciferase and β-galactosidase activities in the samples were measured. The comparative 
luciferase activity were calculated and adjusted by β-galactosidase activity. (*: p<0.05 compared 
to PSA-Luc transfection, n=3) 
 
Fig. 5.  B-DIM inhibited the expression of p-Akt, nuclear NF-κB, AR, and PSA in Akt 
transfected C4-2B and LNCaP cells.  C4-2B and LNCaP cells were transiently co-transfected 
with NF-κB-Luc and pLNCX-Akt (wild type Akt), pLNCX-Myr-Akt (constitutively activated 
Akt), pLNCX-Akt-K179M (dominant negative), and pLNCX (control empty vector). After 5 
hours, the transfected cells were washed and incubated with complete RPMI-1640 medium 
overnight followed by treatment with 50 μM B-DIM for 48 hours. Subsequently, the cells were 

 12



lysed and Western Blot analysis was conducted to test the expression of Akt, p-Akt, AR, PSA, 
and NF-κB. (Wild Akt: wild type Akt;  Mut Akt: dominant negative Akt;  Myr Akt: 
constitutively activated Akt;  Emp: control empty vector.) 
 
Fig. 6.  B-DIM inhibited NF-κB DNA binding activity in C4-2B and LNCaP cells.  A. B-
DIM inhibited NF-κB DNA binding activity in Akt transfected C4-2B and LNCaP cells tested by 
luciferase assay. C4-2B and LNCaP cells were transiently co-transfected with NF-κB-Luc and 
pLNCX-Akt (wild type Akt), pLNCX-Myr-Akt (constitutively activated Akt), pLNCX-Akt-
K179M (dominant negative), and pLNCX (control empty vector). After 5 hours, the transfected 
cells were washed and incubated with complete RPMI-1640 medium overnight followed by 
treatment with 50 μM B-DIM for 48 hours. Subsequently, the luciferase activity in the 
transfected cells was tested by luciferase assay. (Wild Akt: wild type Akt;  Mut Akt: dominant 
negative Akt;  Myr Akt: constitutively activated Akt;  Emp: control empty vector.)   B. B-DIM 
inhibited NF-κB DNA binding activity in Akt transfected C4-2B and LNCaP cells tested by 
EMSA.  C.  B-DIM significantly inhibited NF-κB DNA binding activity stimulated by DHT in 
LNCaP and C4-2B cells.  LNCaP and C4-2B cells were treated with 10 and 25 μM B-DIM for 
24 hours followed by 0.1 and 1 nM DHT treatment for 2 hours. Nuclear protein was extracted. 
EMSA showed that both 10 and 25 μM B-DIM abrogated the activation of NF-κB DNA binding 
activity stimulated by DHT in LNCaP and C4-2B cells. 
 
Fig. 7.  B-DIM significantly inhibited AR nuclear translocation in LNCaP and C4-2B cells.   
A and B. LNCaP (A) and C4-2B cells (B) were treated with 25 μM B-DIM for 24 hours 
followed by 1 nM DHT treatment for 2 hours. Cells were then incubated with Anti-AR 
monoclonal antibody followed by incubation with FITC-conjugated anti-mouse antibody along 
with 0.1 µg/ml DAPE. Cell images were captured on a confocal microscope system, using 63 X 
1.2 objective and 488/364 nm laser wavelengths to detect FITC and DAPI, respectively. (a and b: 
LNCaP cell control; c and d: LNCaP cells treated with 25 μM B-DIM; e and f: C4-2B cell 
control; g and f: C4-2B cells treated with 25 μM B-DIM.)   C. Crosstalk of Akt, NF-κB, and PSA 
with AR and the effects of B-DIM on the crosstalk. 
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